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Abstract of Thesis 
 
The separation and optimization of graphene in 2004 by Geim and Novoselov boosted the 
interest in low dimensional materials within the world of electronics. One specific class of 
low dimensional materials is the metal chalcogenides (MCs) (i.e MoSx, Bi2S3, Bi2Se3), 
which has drawn notable attention owing to their tuneable exotic properties and natural 
abundance. This PhD thesis emphasises on several major features of low dimensional 
metal chalcogenides: their exfoliation techniques, growth behaviour and ultimately 
augmenting their fundamental properties. Due to the dimension dependent properties of 
metal chalcogenides, it is essential to attain full control over their lateral shape and 
thickness during the exfoliation process. Regardless of many rcent improvements, there are 
still plenty of opportunities to develop enhanced exfoliation processes, which is one of the 
primary focuses of this work.  
The main goals of this Ph.D. research are divided into two parts. First, developing a facile 
synthesis process for amorphous 1D inorganic polymeric materials such as amorphous 
molybdenum sulphide (a-MoSx) and investigate the fundamental properties of as 
synthesised nanostructures. The preparation route and synthesis of low dimensional 
materials play a significant role, that ultimately defines the material’s properties. To date, 
many efforts have been invested in order to device an appropriate exfoliation procedure, 
resulting in the development of various techniques and processes which feature their 
respective benefits and flaws. In this work, a template acidification process was used to 
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synthesize a-MoSx. The resulted synthesized nanostructures were found to be polymeric 
and one dimensional in nature. Sulphur rich molybdenum sulphides are an emerging class 
of inorganic coordination polymers which are predominantly utilised for their superior 
catalytic properties. Here the surface water dependent properties of sulphur rich a-MoSx 
and its interaction with water vapour were investigated. It has been observed that a-MoSx 
is a highly hygroscopic semiconductor. The presence of surface water is found to have 
profound influence on the semiconductor’s properties, modulating the material’s 
photoluminescence by over one order of magnitude, in transition from dry to moist 
ambient. Additionally, the conductivity of the synthesized film increases by several 
magnitudes as the surrounding humidity increases. As the core application, the newly 
discovered properties of a-MoSx has been utilized to develop an electrolyteless water 
splitting photocatalyst that relies entirely on the hygroscopic nature of MoSx as the water 
source, leading to efficient gas phase water splitting. Moreover, taking advantage of the 
hygroscopic nature of synthesized a-MoSx, a low energy dehumidification device has been 
designed that exhibits a-MoSx can be a prominent candidate for moisture sensing devices.  
The second goal of the work was to develop as facile synthesis process for crystalline low 
dimensional material such as Bi2S3 and Bi2Se3. Here the focus of this work was a family of 
crystals constituting covalently bound strings, held together by van der Waals forces, 
which can be exfoliated into smaller entities, similar to crystals made of van der Waals 
sheets. Depending on the anisotropy of such crystals, and the spacing between their strings 
in each direction, van der Waals sheets or ribbons can be obtained after the exfoliation 
process. In this work, it has been demonstrated that ultra-thin nanoribbons of bismuth 
sulfide (Bi2S3) can be synthesized via a high power sonication process. As stated earlier, 
preparation and exfoliation process of low dimensional materials are very crucial as the 
quality and individual properties of the nanostructure depends on it. Here, N-methyl-
pyrrolidine was used as a solvent that was proven to be the most effective solvent for this 
process. The thickness and width of these ribbons are governed by the van der Waals 
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spacings around the strings within the parent crystal. The lengths of the nanoribbons are 
initially limited by the dimensions of the starting bulk particles. Interestingly, these 
nanoribbons change stoichiometry, composition and are elongated when the duration of 
agitation increases, due to Ostwald ripening. An application of the exfoliated van der 
Waals strings is presented for optical biosensing using photoluminescence of Bi2S3 
nanoribbons where bovine serum albumin has been used a model protein. The concept of 
exfoliating van der Waals strings could be extended to a large class of crystals for creating 
bodies ranging from sheets to strings, with optoelectronic properties different from that of 
their bulk counterparts. 
Finally, crystalline bismuth selenide (Bi2Se3) was exfoliated using liquid phase exfoliation 
technique. Generally, Bi2Se3 crystallizes in two polymorphs which are 1D van der Waals 
string (similar to Bi2S3) and another is two dimensional nanosheets. Depending upon the 
provided energy during the exfoliation process a phase transition from 2D to 1D might take 
place. In this work, the exfoliated films were found to be 2D nanosheets with various 
lateral dimensions. An expected opening in the bandgap due to quantum confinement 
effect has been observed. Moreover, a well-defined photoluminescence effect has been 
observed concluding that Bi2Se3 can be notable candidate for sensors and optoelectronic 
devices.  
In summary, the author has demonstrated several significant findings during this Ph.D. 
research, exploring facile synthesis processes while revealing some exotic properties of 
low dimensional materials. It is expected that the findings of this Ph.D. research will have 
an ongoing impact on future electronics and optoelectronics industries.  
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Chapter 1 
 
 
 
Motivations and Objectives 
 
 
1.1. Motivations 
The isolation of Graphene in 2004 via mechanical exfoliation from layered graphite crystals has 
sparked a remarkable research boom in the field of similarly layered materials.
1-2
 Metal chalcogenide 
compounds (MCs) are one of the most fascinating groups of material candidates for functional two 
dimensional (2D) materials. MCs have drawn abundant research interests in the field of 
semiconducting materials, owing to their remarkable and diverse properties for numerous applications 
in electronics and optoelectronic devices. Metal chalcogenides of interest generally contain group IV-
VII metal atoms (i.e. Mo, W, Hf, Re) and occasionally group VIII-X elements (i.e. Pt, Pd) from the 
periodic table, which are bound with chalcogen atoms (S, Se, Te).
3
 The MCs are frequently layered 
materials, where layers are coupled by comparatively weak van der Waal forces. The weak inter layer 
adhesion facilitates exfoliation of low dimensional structures from bulk crystals.
3-4
 MCs exhibit 
fascinating layer-dependent properties after exfoliating them into low dimensional morphologies. For 
instance, molybdenum sulphide (MoS2), an indirect bandgap material with a gap of 1.3 eV transitions 
to a direct bandgap semiconductor (EG = 1.9 eV) after exfoliation of monolayers from the bulk 
crystal.
5
 This phenomenon results in a dramatic increase of photoluminescence due to the 
2 
establishment of a direct gap and quantum confinement.
6
 Additionally, interesting phenomena such as 
valley physics and spin-orbit coupling as well as the breakdown of inversion symmetry are observed 
in many low dimensional MCs.
7-9
 This allows gaining control over valley polarization and carrier 
spins within these monolayered materials, which cannot be achieved in the bulk.
10
 These effects may 
be exploited for creating valley- and spintronic technologies. Additionally, as the dimensions of the 
exfoliated materials are reduced to ever lower dimension, e.g. from two dimensional (2D) to one 
dimensional (1D) or even zero dimensional (0D), the effects of the edges become more conspicuous.
11
 
Here, several 1D MCs materials such as a-MoSx, Bi2S3, Bi2Se3 have stimulated great interest due to 
their importance in basic scientific research and their unique material properties. They have very 
interesting size-dependent chemical, mechanical, electrical and optical properties, due to their one 
dimensionality. The attainable dimensions of these 1D materials are much smaller than the ones 
observed in traditional 1D nanostructures since they crystallize in the form of 1D covalent strings that 
are bound via weak van der Waals forces in the remaining two dimensions. Moreover, 1D materials 
such as Bi2S3, Sb2S3 can be exfoliated into nano-ribbons and nano-belts with thicknesses and width 
featuring unit cell dimensions, leading to exciting properties similar to those observed in 2D MoS2 
and graphene, due to the decoupling of the layers into extremely confined electronic systems.  
Two dimensional MoS2 shows exotic properties such as, widening of the bandgap, transition to a 
direct bandgap semiconductor and strong valley polarizations, which relies on the decoupling of the 
individual layers and the emergence of a highly confined system.
11
 Both amorphous and crystalline 
1D materials are predominantly held together by van der Waals forces which may be overcome using 
exfoliation techniques. Hence, effectively decoupling the individual 1D material leading to highly 
confined electronic systems with unit cell dimensions in two directions should be possible. Hence, 
significant changes in the electronic and optical properties of these materials are expected as they 
transition from a 3D bulk to a 1D material.
11-12
  
The unique properties of these low dimensional MCs encourage exploring new methods for 
synthesizing these materials. Various methods for the synthesis of low dimensional MCs have been 
reported in literature, such as solution-based exfoliation
11
, mechanical exfoliation
13
, laser and plasma 
3 
induced thinning
14
, Li-intercalation exfoliation
15
, chemical vapor deposition (CVD)
16
, hydrothermal 
methods
17
, chemical vapor transport
18
 and the thermolysis of suitable precursors such as ammonium 
tetrathiomolybdate-(NH4)2MoS4 
19
. Many of these techniques are however still challenging in their 
implementation, leading to frequently inconsistent results or requiring dangerous precursors (i.e. butyl 
lithium for Li intercalation). As such the development of new synthesis strategies is an ongoing quest.   
The intriguing chemistry and the exciting physical properties of low dimensional MCs have 
encouraged scientists to develop a large variety of applications that harness their properties. For 
instance, field effect transistors made of molybdenum based sulphides have been developed which 
featured an on/off current ratio that could exceed 10
8
 for monolayers, while the in plane carrier 
mobility can reach up to 500 cm
2
/V.s
13
. Furthermore, extremely high surface area MCs can be 
synthesized, which can effectively interact with their surroundings, enabling sensors, catalysts and 
energy storage. This has been extensively exploited in 1D polymeric a-MoSx, which has been 
identified as an excellent hydrogen evolution catalyst. The documented extraordinary efficiency of 
this water splitting catalysts, together with some theoretical predictions, point towards a unique 
interaction between H2O and polymeric a-MoSx which deserves further investigation.
20
 
21
  
Low dimensional crystalline MCs such as Bi2S3 and Bi2Se3 are well known for various applications in 
optoelectronic devices, energy storage, electrocatalysis, energy conversion, biosensors and other 
electrochemical based applications.
22-23
 However, to date very little work has been dedicated to 1D 
metal chalcogenides (MCs) that feature van der Waals bonds along two crystal axes in their bulk. 
Particularly their size dependent properties have not been thoroughly explored. As a result, there 
are plenty of opportunities for significant discoveries within this emerging field. Therefore, the 
aim of this project is to investigate the fundamental properties of various MCs such as highly 
crystalline 1D materials as well as amorphous 1D MC polymers. The main research gaps that this 
thesis aims to address are divided into three parts which are given below. 
1. No facile and reliable synthesis method for the exfoliation of crystalline 1D materials such as 
Bi2S3 and Sb2S3 into nano-ribbons with unit cell dimensions exists to date. Furthermore, it is 
4 
essential to improve the directional control of existing synthetic methods that are utilized for 
the synthesis of well-defined polymeric transition metals sulphides such as a-MoSx or a-WSx 
to induce a prominent 1D character.   
2. The properties of 1D materials when exfoliated to single or few unit cell sized 'nanostrings' 
are not fully studied yet. Their properties are expected to deviate significantly from the bulk 
and new properties and phenomena are expected to arise due to the extreme quantum 
confinement within the 1D nanostrings. 
3. A dramatic increase in the materials surface area will likely lead to intense interactions of the 
material with its direct environment and surface adsorbed species, which should be 
investigated and exploited for sensing and catalysis applications. 
 
1.2. Objectives 
The aim of this thesis is to investigate the fundamental properties of highly crystalline 1D materials 
along with amorphous 1D inorganic polymeric materials. This thesis will explore structural insights 
and the effect of the materials properties on device performance in the field of electronics, sensing and 
catalysis. New synthesis strategies will be developed in order to gain access to highly confined 1D 
materials and high surface area MCs. In the case of amorphous 1D polymers, a templated vapour 
acidification process will be explored, while for the crystalline 1D materials a liquid phase sonication 
exfoliation will be utilized
24
. Afterwards, based on the findings, the amorphous 1D materials will be 
incorporated into sensing devices and evaluated for their use in catalysis, while the crystalline 1 D 
materials will be explored for sensing applications. Therefore, objectives of this project are targeted 
towards exploration of the following: 
1.2.1. Investigation of amorphous MC materials (i.e. a-MoSx) 
The common challenges for 1D MCs are not only related to finding a facile synthesis process, but also 
investigating their properties and how they relate to their surrounding environment. Sulphur rich 
amorphous molybdenum sulphide (a-MoSx) is an emerging class of inorganic coordination polymers 
which are predominantly utilised for their superior catalytic properties.
25-26
  However, there still 
5 
remain challenges to achieve one dimensional structure of a-MoSx as the material aggregates while 
synthesizing via as reported traditional synthesis processes.
26-27
 Here, using a polymeric templating 
agent may alter the scenario via leading the exfoliation in one direction resulting in one dimensional 
polymeric structure of a-MoSx. Moreover, as the dimension of the material reduces there is significant 
possibility of having enhanced properties such as high surface area chemistry of the synthesised 
material. Hence, one of the key feature is the synthesised material will open to absorb surrounding 
ambient moisture due to high enhanced high surface area. Only relying on the captured moisture from 
the ambient atmosphere it is possible to develop an electrolyteless photocatalytic water splitting which 
will be free from blisters and bubble. Additionally, it will be a cost effective hydrogen production 
system as it does not rely on any additional water source. The ideal material for efficient 
electrolyteless gas phase water splitting applications should be (I) highly porous, to enable efficient 
fuel gas and water vapour transport, (II) feature a large moisture adsorption capacity for binding water 
molecules, (III) should be a semiconductor with good conductivity, providing light adsorption 
capabilities and (IV) feature high catalytic activity. Traditional efficient moisture-adsorbing materials, 
such as silica gel and zeolites, are insulators and hence not suitable for creating electrolyteless gas 
phase water splitting. Semiconducting organic polymers and metal organic frameworks can 
potentially feature the required electronic properties; however their vulnerability to moisture induced 
degradation remains a challenge.
28
 Furthermore, hydrocarbon based materials lack the rich catalytic 
properties that are required.
29-30
 Moisture-adsorbing semiconducting clays and other stratified 
materials might be more suitable,
31
 however gas transport into the interlayer spacing is expected to be 
slow. Transition metal based inorganic semiconducting polymers (TMISP) such as a-MoSx may be 
considered as candidates for electrolyteless gas phase water splitting. They can offer catalytic 
properties, which arise from their partially filled d-shells. Although a-MoSx has been recognised for 
their catalytic properties, but their moisture-binding capabilities have not been investigated.
32-33
 
In this regard, the author will investigate the fundamental properties of a-MoSx prepared by a novel 
and facile synthesis method. Besides, the effects of environment and surface adsorbed species on the 
electronic properties of the above 1D polymeric material (a-MoSx) will also be investigated. Finally, 
6 
based on the findings the author will try to exploit the material for sensing or catalysis application and 
will endeavour to provide insight into the well documented but poorly understood superior catalytic 
properties of amorphous 1D inorganic polymer.  
1.2.2. Investigation of crystalline MCs materials (i.e. Bi2S3) 
The family of crystalline 1D MC materials is defined by crystal structures that are based on covalently 
bound 1D strings, which held together by van der Waals forces in the two remaining directions. 
Unlike layered materials such as graphite or MoS2, these materials feature two van der Waals gaps. As 
a result, these 1D MCs can be exfoliated into small entities, utilizing methods similar to those 
developed for exfoliating 2D nanosheets from crystals made of van der Waals sheets. Depending on 
the anisotropy of such crystals, and the spacing between their strings in each direction, van der Waals 
sheets or ribbons can be obtained after the exfoliation process of a 1D MC. A model compound for 
such structures is Bi2S3, which is a member of the stibnite family.
34
 Sb2S3 and Sb2Se3 are other 
materials that are isomorphs of Bi2S3. The lattice structure of this family is orthorhombic with four 
sub-units per unit cell. These MCs feature semiconducting properties and due to their anisotropic 
crystal structure they find application in a wide range of technologies exploiting their unique 
thermoelectric and optoelectronic properties.
35-38
 Their anisotropic crystalline structures also lead to 
presentation of anomalous dielectric behavior.
39
 However, an in-depth fundamental understanding of 
the optical, electronic, and crystalline properties of crystalline 1D materials (i.e. Bi2S3), and the 
dependence of these properties on the physical dimensions of the crystals, and particularly the degree 
of exfoliation of the material, are still not fully developed.  
In this part of the thesis, the author will investigate the behaviour of 1D Bi2S3 which is exfoliated via 
an agitation exfoliation method, without the use of intercalating compounds or solvents that had been 
used previously but may affect the materials properties.
40-43
 The avoidance of intercalating agents also 
ensures that the exfoliation occurs solely as the result of sonication energy along the van der Waals 
spacings, and not due to any chemical reactions. The optical, electronic, and crystalline properties of 
the final product will be investigated thoroughly. 
7 
1.2.3. Investigation of growth behaviour of narrow bandgap MS (Bi2Se3) 
Compound semiconductor materials with van der Waals structures that contain chalcogens (selenium, 
sulphur or tellurium) have recently attained significant attention in electronics and optoelectronics 
technology. Amongst them,  bismuth selenide (Bi2Se3) has been studied extensively, owing to its 
numerous applications in photosensitive devices
44
, infrared photography
45
, photo electrochemical 
cells, electro-thermal devices, and modern thermoelectric cooling system.
44
 Additionally, Bi2Se3 is a 
narrow bandgap (0.16-0.35 eV) material that has been identified as a topological insulator (TI). The 
crystal structure of Bi2Se3 is rhombohedral in nature, where similar atoms are assembled in two 
dimensional arrays and perpendicular to c-axis. The bonding type inside the sandwich arrangements 
are predominantly covalent type with van der Waal forces making it easy for exfoliating in 
nanostructures.
44, 46
 Besides, Anthony Vargas et al. reported an opening in the bandgap of Bi2Se3 after 
synthesizing into nanostructures.
47
 However, not much study has been carried out in this field, which 
needs a thorough investigation. 
In this part of thesis, the author will investigate the behaviour of narrow bandgap MC such as Bi2Se3 
exfoliated via an agitation exfoliation method. The numerous structural, electronic and optical 
properties of the exfoliated product will be exploited thoroughly. Finally, based on the findings the 
author will try to exploit the material for sensing application and will try to provide insight into the 
well documented but poorly understood superior properties of Bi2Se3.  
1.3. Organisation of thesis 
This thesis is principally focussed on investigating metal chalcogenide based materials that feature a 
1D van der Waals crystal structure. The synthesis of 1D nanostructures is one for the main foci, paired 
with the analysis of dimension dependent properties that may lead to novel chemical, electronic and 
optoelectronic applications. The thesis will report on the suitability of the developed materials for 
catalysis and sensing.   
In Chapter 2, a thorough review of the general concepts, preceding studies as well as recent 
improvements in the synthesis of low dimensional MCs will be presented. Chapter 2 will also 
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investigate and explore the above-mentioned research gaps in further highlighting research areas and 
concepts that should be investigated further. 
Chapter 3 will cover the investigations relating to the synthesis, characterizations and applications of 
amorphous polymeric MoSx. A facile synthesis route that enhances the 1D character of the material 
will be presented in this chapter. A brief description of the structural, compositional and optical 
properties of as synthesized a-MoSx films will be discussed. Finally, based on the findings the author 
will exploit the synthesized material for catalytic and sensing applications. 
The exfoliation behaviour of crystalline MCs such as Bi2S3 will be investigated in chapter 4. An 
agitation exfoliation method is implemented without the use of intercalating compounds or solvents, 
contrasting the current work from preceding studies. The avoidance of intercalating compounds was 
necessary to ensure that exfoliation occurs solely as the result of applied sonication energy along the 
van der Waals spacings, and not due to chemical reactions. The structural, compositional and optical 
properties of obtained 1D nanostructures will be thoroughly investigated. Finally, the synthesised 
nanomaterial will be explored as an optical biosensing platform, where a designated model protein is 
detected. 
In Chapter 5, the exfoliation of narrow bandgap MCs such as Bi2Se3 will be presented. An agitation 
exfoliation method is reported that is capable of exfoliating the material from bulk crystals into low 
dimensional nanostructures. Here, it is expected that two dimensional nanosheets or one dimensional 
nanostructures will be the final outcome, depending upon the applied force as well as the duration of 
exfoliation. A brief extent discussion focused on the fundamental properties of the synthesised 
material is provided. Finally the synthesised material will be exploited as sensing platform material.   
Chapter 6 will represent the general conclusions of this Ph.D. thesis. Furthermore, it will present 
potential future research directions that arise from the developed knowledgebase of this project. 
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Chapter 2 
 
 
 
Literature Review  
 
 
2.1. Background 
The focus of this thesis is the investigation of metal chalcogenide nano-structures; focusing one- and 
two-dimensional structures in particular. Metal chalcogenide (MCs) based nanomaterials have drawn 
remarkable attention in recent years, with the development of one-dimensional (nanorods, 
nanostrings, nanotubes), two-dimensional (nanosheets, nanoplatelets) and three-dimensional 
(nanocubes, nanostars etc) structures over recent decades.
1-2
 Structuring of the material at the 
nanoscale has been shown to significantly alter the materials properties, with different morphologies 
leading to markedly different properties.
3-5
 In recent years, nanostructured metal chalcogenides 
consisting of transition and post transition metals combined with sulfur, tellurium and selenium have 
emerged as important materials with diverse technological applications. The potential of this class of 
materials is increasingly being recognized, with the application of transition metal chalcogenides in 
sensors, solar energy conversion, microelectronic devices, thermal control coatings, catalysts, laser 
sources and optical fibres being intensely investigated.
6-8
 One particularly prominent emerging 
application of MCs is for transistor devices which are hypothesized to being capable of entirely 
revolutionizing the present electronics industry.
9-12
 These investigations led to the development of 
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techniques that allow for the modification of the electronic properties of MC nanostructures, which is 
attainable via doping, straining, surface functionalization and interfacing using other materials that 
enable band structure engineering. While this is important for applications in the field of electronics, it 
also holds promise for numerous applications such as catalytic energy conversion,
13-14
 electrochemical 
devices,
15
 optoelectronics and sensing.
16-17
 As a result of the favourable properties, MCs have become 
one of the most intensely investigated groups of materials. These materials can be synthesized by a 
range of methods, using both, bottom-up as well as top-down strategies.
2, 18
 Extensive research 
published in previous studies covers synthesis methods and processes of metal chalcogenide 
nanomaterials, offering full control over morphology and dimensions providing avenues to tune and 
tailor the fundamental properties.
19
  
The exploration of the optical properties of MCs with various crystal sizes has drawn tremendous 
attention owing to new phenomena arising from the reduction of the dimensions. One phenomenon 
observed in these nanostructured MCs is the quantum confinement (QC) effect.
20-21
 Quantum 
confinement is generally known as the change of electronic and optical properties when the 
investigated material is of sufficiently reduced size so that the physical size of the crystal is below the 
exciton-boor radius.
22
 The exciton-Bohr radius is typically in the vicinity of 10 to 100 nm, depending 
on the material, and as such quantum confinement is only observed in materials which feature at least 
one dimension that has been reduced into the nanometric regime. Reducing the size of a crystal to 
below the exciton-Bohr radius of the material causes remarkable alteration in electronic density of 
state (Figure 2.1), which in turn alters the electronic properties of the material, with the number of 
dimensions that have been confined leading to profoundly different band structures. Furthermore, 
dimensionality results in a notable shift in the optical absorption edge towards higher photon energy, 
due to increased optical and electronic bandgaps.
23
  
Depending upon their shape, nanostructures can be divided into various types, as show in Figure 2.2.  
16 
 
Figure 2.1 Electronic density of states for (a) a bulk semiconductor, (b) a 2D quantum 
well, (c) a 1D nanowire or nanotube and (d) a 0D quantum dot.
24
 (Reproduced 
with permission from Mao, J., et al. "Size effect in thermoelectric 
materials." Npj Quantum Materials 1 (2016): 16028) 
 
 
Figure 2.2 Demonstration of nanostructures with various dimensions (1D, 2D, 3D) 
 
Over the past decades, a variety of synthesis techniques has been developed for creating 
nanomaterials with desired shapes, frequently relying on complicated wet-chemistry for controlling 
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the morphology. However, a subclass of materials known as van der Waals materials lends itself to 
being exfoliated into nanostructures using simple techniques such as ultrasonication. Van der Waals 
materials are characterized by featuring covalent bonds along one or two crystal axes, forming sheets 
or ribbons, while the remaining directions are kept together by relatively weak van der Waals 
interactions. The application of mechanical force is typically sufficient to overcome the van der Waals 
forces, allowing to isolate 2D nanosheets or 1D nanoribbons. The investigation of such systems 
accelerated after the initial report of graphene and its properties in 2004,
25
 and since then a large 
number of 2D nanomaterials has been produced via exfoliation from van der Waals crystals.
26
 One 
dimensional van der Waals crystals have however been largely ignored to date, despite their markedly 
different electronic structure (Figure 2.1). Closely related to the one dimensional van der Waals 
compounds are linear inorganic polymeric compounds, which can also be isolated in the form of 
ultrathin 1D nano strings. 
Amongst the one-dimensional (1D) metal chalcogenide materials, MoSx, Bi2S3, and Sb3S3 are 
particularly interesting due to their applications in catalysis and optoelectronics.
27
 They also feature 
interesting size-dependent and highly anisotropic chemical, mechanical, electrical, optical and 
magnetic properties, which arise due to their one dimensionality. Opposed to conventionally well-
known 1D nanostructures such as nanotubes, nanorods and nanowires, which usually consist of 3D 
materials grown into crystals with extreme aspect ratios, these 1D materials feature crystal structures 
in which the materials unit cells are covalently bound in one direction, forming nanoribbons limited 
by the dimension of the unit cell, while individual nanoribbons are held together via relatively weak 
van der Waals forces
28
. Here, the van der Waals force can be defined as the attraction of 
intermolecular forces between molecules, which are comparatively weak and therefore more 
susceptible to disturbance. As such, the dimensions of these 1D materials may be smaller than the 
ones observed in traditional 1D nanostructures and their surface are almost entirely devoid of 
dangling bonds. Furthermore, 1D materials such as Bi2S3, Sb2S3 can be exfoliated into unit cell nano-
ribbons and nano-belts, which might exhibits very exciting properties similar to 2D MoS2, graphene 
as well as other layered materials, due to the decoupling of the layers into extremely confined 
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electronic systems
29-30
. The high surface area can also lead to superior catalytic activity, as it is 
observed in amorphous 1D MoS4 
31
. Due to the highly direction dependent electronic and optical 
properties, several 1D materials (i.e. Bi2S3, Sb2S3) have gained a lot attention for various applications. 
2.2. One dimensional (1D) metal chalcogenides 
One dimensional (1D) metal chalcogenide nanostructures such as nanotubes, quantum wires and 
nanowires have been identified as a promising building block for optoelectronic and nanoscale 
electronic devices.
20, 32
 A variety of exotic properties and applications have been established with 1D metal 
chalcogenide nanostructure systems such as quantum confinement, high electron mobility, suitable 
bandgap. The recent boost in research interest for 1D MCs is due to their fascinating properties that can be 
altered by varying their size (dimensions) and morphology, where the quantum confinement effect can be 
enhanced.
20, 33
 Exploitation of the quantum confinement effect is a common approach to tune the 
bandgap of these materials, and due to the possibility of confinement along two crystal axes, the 
available parameter space is particularly favourable for 1D van der Waals MCs. Since the individual 
building blocks of the bulk crystal are connected via weak van der Waals bonds, cheap exfoliation 
techniques such as sonication can be exploited in order to produce 1D structures. The crystal structure and 
the degree of crystallinity of the bulk material also play a crucial role in determining the properties and 
suitable synthesis approaches for 1D MCs. Two distinct types of 1D materials with fundamentally 
differing crystalline properties will be discussed herein, which are:  
1. Highly crystalline 1D materials such as Bi2S3, Sb2S3  
2. Amorphous 1D inorganic polymeric materials including a-MoSX, a-WSx. 
Highly crystalline 1D materials can be defined as materials in which the constituents are arranged in a 
highly ordered structure, featuring covalent bonds in one well-defined direction and weak van der 
Waals forces in the other two dimensions, while amorphous 1D inorganic polymers feature short 
distance order in one dimension but less overall macroscopic ordering. When compared to well-
known 1D nanostructrues such as nanotubes, rods and belts, the dimensions found within a true 1D 
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material are much smaller and limited to its unit cell. Figure 1 exhibits the crystal structure of the 1-D 
metal-sulphide Bi2S3 and polymeric a-MoSX. 
Transition and post transition metal sulphides are of particular interest to the field of 1D materials, 
since a large number of crystalline and amorphous metal sulphides such as Bi2S3, Sb2S3, MoS3 and 
MoS4 are known to feature 1D crystal structures.
29
 Many of these materials are also known to feature 
suitable stability under ambient conditions that allows incorporating them into practical devices. 1D 
nanomaterials have found application as functional units in fabricating electronic, optoelectronic, 
electrochemical, and electromechanical devices
34
.
 
Many of these applications rely on the unique 
crystal structure of these materials, which result in direction dependent optical and electronic 
properties, allow intercalation, exfoliation and an extreme surface area to volume ratio. They are also 
expected to play an important role as both interconnects and functional units in fabricating electronic, 
optoelectronic, electrochemical, and electromechanical devices with nanoscale dimensions. Moreover, 
high conductivity, extreme surface area and rich surface chemistry promotes 1D amorphous 
polymeric materials as an ideal candidate for catalysis, energy storage (i.e. super capacitors) and gas 
sensing. One-dimensional (1D) molybdenum sulphides such as amorphous molybdenum sulphide (a-
MoSx) and several molybdenum sulfido clusters ([Mo3S4]
4+
, [Mo3S13]
2−
 and [Mo2S12]
2−
)
34-37
 have 
emerged as a potential candidate for various electrocatalytic application, due to their facile and 
scalable synthesis, attractive catalytic behaviours, and chemical robustness. 
38-39
 
Thereby it can be concluded that that both amorphous and crystalline 1D materials are very interesting 
due to their highly direction dependent properties and extreme surface area to volume ratio which can 
be exploited to create new nano-enabled devices. However, to date very little work has been dedicated 
to the study of these 1D materials and their size dependent properties. Hence there are plenty of 
opportunities for significant and prominent discoveries within this emerging field.  
2.3. Electrical properties of 1D MCs 
Several metal chalcogenides (MCs) are widely known for their layered structure, with MoS2 and WS2 
being prominent examples. Here the term “layered” refers to the presence of parallel planes of weaker 
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bonds (i.e. van der Waals bonds) throughout the crystal. In 1D materials such planes are arranged in 
regular spacings along two axis, leading to a crystal structure that is akin to matches in a match box. 
These kind of features render these van der Waals materials to exhibit extremely anisotropic 
properties, with vastly differing electrical and thermal conductivity along the crystal axes.
40
 Similarly, 
the mechanical and optical properties of such materials are highly directional.
41
 These properties have 
led to applications of the bulk materials in optics, thermoelectrics and energy storage.
3
 The weak 
attachment across the van der Waals planes also renders these materials to be extraordinarily soft.
42
 
The crystal can easily slip along the van der Waal (vdW) gap, which has led to 1D and 2D van der 
Waals materials being widely used as solid state lubricants.
43
 This property also led to the 
development of exfoliation techniques which allow the efficient top-down synthesis of 
semiconducting nanostructures.
44
 For 1D vdW compounds this leads to the creation of nano-ribbons 
and nano-strings. When the diameter of the semiconductor becomes smaller than the exciton Bohr 
radius (i.e. 10-50 nm), quantum effects due to the confinement of the wave functions arise. This 
leads to the quantization of the density of states, widening of the materials electronic and optical 
bandgap, and enhancement of luminescence.
45
 The most pronounced effects are expected to be 
observed for one dimensional metal chalcogenides (1D MCs) with diameters below 10 nm, while 
for structures with diameters of 20–200 nm less pronounced to insignificant quantum effects are 
expected.45 
In addition to the above, various unique phenomena arise in ultra-confined 1D semiconductors, such 
as superconductivity,
46-47
 charge density waves,
48-51
 and others, rendering 1D MCs to be not only 
fascinating from a theoretical perspective but also for practical applications. Moreover, owing to their 
low shear resistance and high thermal and chemical stability, MCs are also very useful for solid state 
lubricantion.
52-56
 Other 1D material, such as nonstoichiometric titanium sulphides have been used in 
commercial applications such as batteries, dry lubrication, and semiconductors.
57  
The ease of exfoliation of such 1D MCs, combined with fascinating layer dependant electrical, 
thermal and mechanical properties due to size reduction,
29, 31, 58
 has led to an emerging research field 
that focuses on investigating the size and dimensionality dependence of these materials, with recent 
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high profile publications reporting on unique observations such as the topological insulator behaviour 
in 1D Bi4I4
59
 
In 1D MCs, physical properties like the electrical resistivity are of a great importance for 
understanding the properties of solids and their applications. The electrical resistivity of solids (apart 
from superconductivity) can vary by the order of 10
32
, when comparing insulators to conductors, 
leading to the electrical resistivity being considered to feature the widest range of any regular physical 
properties for solids.
60
 Here, it was observed that lower resistivity is significantly better for hydrogen 
evolution reaction in case of molybdenum sulphide (MoSx). T. Bourgeteau et. al. reported that a 
resistivity of lower value (<60 Ω) exhibits better performance, while as the resistivity of the 
synthesised film increased the performance deteriorates.
61
 One dimensional MC such as bismuth 
sulphide (Bi2S3) typically contains higher resistivity (10
2
-10
6
 Ω cm), which attributes to the poor 
crystallinity of the product. However, post-thermal treatment can be used to reduce the resistivity for 
better performance for various optoelectronic devices.
62
 Here, closely related one dimensional MC 
such as antimony sulphide (Sb2S3) exhibits electrical resistivity in the range of 10
7–108 Ω cm, which 
was attributed to the large prevalence of grain boundaries.
63
 However, using post heat treatment and 
controlled exfoliation technique, it is possible to reduce the resistivity and make this material viable 
for numerous optoelectronic applications.
64-65
 Additionally, the temperature dependency of the 
electrical resistivity acts quite irregular. This is because of numerous mechanisms that include defect 
scattering and mutual scattering of electrons, phonon scattering and impurities, are involved in 
electrical transport in altered temperature ranges. 
60
  
2.4. Optical properties of 1D MCs 
Optical properties play a vital role for the device applications in case of semiconducting material. The 
optical bandgap (Eg) of any semiconductor materials is one of the essential parameters for this 
purpose. For example, for ideal solar energy conversion, the bandgap of any solar cells needs to be 
within the range of 1.0 eV to 1.4 eV.
66-67
 Their optical bandgaps within the visible and near infrared 
region also renders them to be promising for real-world optoelectronic applications, optical sensors 
and photocatalysts. Nano structuring of these materials is expected to allow for the tuning of the 
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optical properties of these 1D materials, providing new avenues for applications in the higher energy 
spectral range. Thus it is desirable to carry out a study on optical bandgap tuning for 1D 
semiconducting materials. For example, nonstoichiometric molybdenum sulphides (MoSx) have an 
optimum bandgap of 1.1 to 1.4 eV, making them prominent for optical sensors, catalysis, photo 
detectors and solar cells.
27, 68
 
Two dimensional transition metal dichalcogenides, such as MoS2, exhibit photoluminescence (PL) 
after being exfoliated from their stratified bulk counterparts into nanometre thin monolayers. This 
occurs due to changes in electronic band structure.
69-70
 Monolayer MoS2 features a direct bandgap, 
while the bulk form of MoS2 is an indirect semiconductor and as a result cannot feature intense PL. 
Furthermore, monolayer MoS2 features pronounced valley polarization which may enable 
valleytronics.
71
 These observations arise due to drastic changes to the electronic band structure of the 
semiconducting material as it is exfoliated to a single monolayer. These effects have also been 
theoretically investigated using computational density functional theory (DFT) analysis (see Figure 
2.3)  
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Figure 2.3 Calculated band structures of (a, b) 2Hc- and (d, e) 2Ha-MoS2 at selected 
pressures. Fermi level is shown as red line. The bottom panels show the Fermi 
surface of the (c) 2Hc- and (f) 2Ha-MoS2 structures at p=31GPa.
72
 
(Reproduced with permission from Hromadová, L., et al. "Structure change, 
layer sliding, and metallization in high-pressure MoS2." Physical Review B 87 
(2013): 144105)  
 
Similar effects await to be discovered in 1D metal chalcogenide semiconductors. However, due to the 
lack of reports on the exfoliation or synthesis of these systems, little is known regarding to how 
nanostructuring and exfoliation to a single nanoribbon will affect the optical properties of 1D MCs. 
This lack of data is currently impeding progress and this thesis endeavours to address some of these 
challenges.   
2.5. Catalytic properties of low dimensional and 1D MCs 
The high surface area of low dimensional and 1D MCs, coupled with their electronic and optical 
properties lead to exciting applications in catalysis. Furthermore, the vast variety of metals, paired 
with the respective chalcogen moieties, lead to a rich chemistry that may be exploited, due to the 
various electronic configurations of the d and p orbitals of the atoms. During catalysis, these 
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properties of the low dimensional MCs are exploited to lower the activation energy of chemical 
transformations, allowing facilitating certain reactions that would otherwise require higher energy or 
result in undesired side products. For MC based nanomaterials, electro and photocatalysis are of 
particular interest, where the required energy for the chemical reaction is either supplied by an 
external electrical power source or via light that is absorbed by the catalyst. The tunability of the 
electronic and optical properties of MCs leads to obvious advantages, potentially allowing tailoring 
the catalysts properties towards a specific reaction. 
One reaction that has received a particularly high degree of attention in recent years the is catalytic 
production of hydrogen.
73
 Hydrogen production utilising water electrolysis or direct photocatalytic 
splitting of water is currently regarded as tone of the most promising pathways towards hydrogen 
based economy. Metal chalcogenides are one of the most fascinating candidates for catalysis due to 
the ability of transition metals to accept electrons from ligands that plays a major role in catalysis. 
Here, the acceptance of electron occurs due to unfilled d-orbitals. The catalytic reaction may occur in 
several possible ways as listed bellow
74
  
1. The reactants are in a much closer proximity when adsorbed onto the material’s surface. As a 
result, the concentration of the reactants and the rate of reaction increase. 
2. The bonds that form onto the catalyst may withdraw electron density from the molecules 
internal bonds, thus weakening them. 
3. The adsorbed reactants may be adsorbed onto the material’s surface in just the right 
orientation for the reaction to occur. 
Metal chalcogenides (MCs) may be considered as prominent candidate for catalysis due to their 
partially filled d-shells.
73, 75-81
 For most studied van der Waals MCs, a single-layer MCs contains the 
combination of a metal from group-IV (Ti, Hf, or Zr), -V (V, Ta, or Nb) or -VI (W or Mo) along with a 
chalcogen atom (S, Te, or Se).
82
 For the better studied layered 2D MCs, there are three kinds of sites that 
can be considered for catalytic activities such as C-edge, M-edge and terrace sites, where each site features a 
unique chemical environment, leading to rich chemistry. The well characterized catalytic materials 2D 
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Mo(S or Se)2 or W(S or Se)2 offer several exotic properties as catalysis.
82
 Figure 2.4 exhibits the schematic 
illustration of a single layer 2D-MoS2 nanostructure with M- edges, C-edges, and terrace sites being 
identified. As can be seen form the computational analysis shown in Figure2.4, each site differs 
dramatically, leading to differing properties such as the hydrogen adsorption energy, which is crucial for 
catalysis. Tuning the catalytic material through, for example, changing the abundance of terrace and edge 
sites via particle size control, allows to increase the catalytic activity.
83
  
 
Figure 2.4:  (a) Schematic illustration of 2D TMD materials (herein, pink and yellow 
colors indicate metals and chalcogenides, respectively). Gibbs free 
energy of hydrogen adsorption of (b) M-edge at 0.5 ML, (c) C-edge at 
0.5 ML and (d) terrace (basal plane) at 0.06 ML.
82
 (Reproduced with 
permission from Noh, S. H., et al. "Tuning the catalytic activity of 
heterogeneous two-dimensional transition metal dichalcogenides for 
hydrogen evolution." Journal of Materials Chemistry A 6 (41) (2018): 
20005-20014) 
 
1D MCs are expected to feature a similar selection of different catalytic sites, with the ends of the 1D 
material and the top and side edges providing differing chemical environments. Recent work has 
shown that 1D Bi2S3 nanostrings can efficiently catalyse the full water splitting reaction, while the 
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bulk Bi2S3 powder was catalytically inert.
84
 Overall, the catalytic properties of crystalline 1D 
materials are however still poorly understood and rarely exploited. Inorganic, amorphous, 1D 
polymeric materials on the other hand are more widely investigated for catalysis.  
MoSx based materials with a ratio of molybdenum to sulphur of 2 to 6 are recognised as promising 
noble metal free water splitting catalysts, offering hydrogen evolution process efficiencies 
approaching that of platinum.
73, 77, 79, 81, 85-86
  
Many MoSx compounds are made of quasi one dimensional and branched inorganic coordination 
polymers, or their shorter-chain oligomers and monomers.
87-88
 As such, 1D inorganic polymers are 
increasingly seen as a promising class of catalysts materials. The structure of MoSx and its 
implications on the catalytic properties of MoSx is discussed in further detail in the following section.  
2.6. Molybdenum sulphide (MoSx) 
The group VI metal molybdenum forms a variety of sulphides, which show diverse metal-sulphur 
stoichiometries, differing metal and sulphur oxidation states, bonding modes of sulphide ligands and 
coordination geometries.
89
 Several structurally distinct Mo-S composites such as [MoS(S4)2]
2−
, 
[Mo2(S)2(µ-S)2(S4)(S2)]
2−
, [Mo2(S)2(µ-S)2(S2)2]
2−
, [SMo(MoS4)2]
2−
, [Mo2(S)2(µ-S)2(S4)2]
2−
 and so on 
have been synthesised from tetrathiomolybdates via reacting with appropriate reagents, specifying the 
significance of the [MoS4]
2−
 moiety as a building block for synthesising numerous novel Mo-S 
complexes.
90-92 The estimated electronic bandgap for sulphur rich MoSx semiconductors is found to be 
1.2 eV, which renders it to be a narrow bandgap material that exhibits good conductivity. 
93
 Thus 
MoSx is a prominent candidate for electrocatalysis. 
73, 94-95
 For photocatalytic approached, MoSx 
semiconductors are often blended with wider bandgap material such as CdS or TiO2 to facilitate 
reactions such as water splitting, due to the narrow bandgap of MoSx
96
  
MoSx based materials are recognised as promising noble metal free water splitting catalysts, offering 
hydrogen evolution process efficiencies approaching that of platinum.
73, 77, 79, 81, 85-86
 However, other 
than MoS2, there is still considerable debate over the structure of these materials and the nature of 
their catalytically-active sites. Tran et al. recently reinvestigated the structure of the commonly used 
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electrodeposited MoSx catalysts, which were believed to be MoS3 until then.
88
 It was discovered that 
this material’s stoichiometry is closer to MoS4, being an inorganic coordination polymer with the 
formula of MoS3⅔, consisting of the polymerised Mo3S13
-2
 nanoclusters (Figure 2.5). Irrespective of 
the exact stoichiometry, many MoSx compounds are made of quasi one dimensional and branched 
inorganic coordination polymers, or their shorter-chain oligomers and monomers.
87-88
  
 
Figure 2.5 Chemical structure and morphology of MoSx: a) Chemical structure of 
Mo3S13
2-
, b) stoichiometric polymerised MoS3⅔ with highlighted and colour-
coded sulphur moieties, c) defected MoSx featuring oxygen defects 
 
While initial investigations had suggested that the sulphur rich molybdenum sulphides are precursors 
to nanometre sized MoS2 crystals (another, albeit less efficient, hydrogen evolution catalysts), it is 
becoming increasingly clear that this is not the case.
85, 88, 97-99
 Recent studies implicate either the 
terminal disulphide ligands or bridging disulphides as the catalytically-active sites, while a consensus 
is yet to be reached (Figure 2.5b and c).
100-101
 Hydrogen binding energy calculations combined with 
measured turn over frequencies, by Ting et al., point to bridging sulphides being catalytically-active, 
28 
while Tran et al. provide evidence that the terminal disulphide ligands are lost during the catalysis, 
leading to the formation of catalytically-active vacancies and oxygen defects (Figure 2.5c).
88, 99
  
While the main research effort into MoSx is focused on the hydrogen evolution reaction (HER), it has 
also been demonstrated to be an effective CO reduction catalyst.
102
 Sulphur rich molybdenum 
sulphides have found further applications in capturing toxic iodine and mercury.
103
 Furthermore the 
high polarisability of MoSx allows the binding of polar gaseous contaminants, including CO and 
certain volatile organic compounds.
103
 Other applications include energy storage in super capacitors 
and alkali ion batteries.
104-105
  
Still relatively little is known about the interactions between water molecules and MoSx or the effects 
that hydration has on MoSx properties. In this thesis, the effect of water vapour on MoS3⅔, specifically 
is investigated, focusing on its influence on the material’s electronic properties. Furthermore, MoSx is 
investigated for novel approaches towards the photocatalytic production of hydrogen. 
2.7. Bismuth sulphide (Bi2S3)  
 
Exfoliation of stratified crystals, which consist of planes held together by van der Waals forces, have 
drawn significant research attention.
70, 106-116
 By applying energy and chemical manipulations, these 
materials can be exfoliated along their van der Waals spacings in order to produce ultra-thin planes 
that may be fundamentally different in their electronic structures from their bulk counterparts.
111, 113, 
117-118
 Potentially the same concept for exfoliation can also be applied to crystals made of fundamental 
‘strings’ that are held together by van der Waals forces. The category ‘van der Waals strings’ can be 
defined as crystals featuring atoms covalently bound in only one direction, forming long parallel 
chains, while these individual chains are held together via van der Waals forces in the other two 
directions. A model example of such structures is Bi2S3 (Figure 2.6),which is a member of the stibnite 
family.
119
 Sb2S3 and Sb2Se3 are other materials that are isomorphs within this family. For these family 
members, the lattice is orthorhombic and there are four sub-units per unit cell. This family of 
semiconductors offers a wide range of applications in the fields of thermoelectric and optoelectronic 
devices.
120-123
 Their anisotropic crystalline structures also lead to presentation of anomalous dielectric 
behavior.
124
 Another example of van der Waals strings is the chain crystal structures of selected 
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members of metal halides,
125
including TiF4, VF4, TiI3, MoCl3, MoBr3, MoI3, PdCl2, PdBr2, and PdI2. 
Autés et al recently reported highly anisotropic band crossing revealing β-Bi4I4 as a one dimensional 
topological insulator.
126
 SbSI has been proven to possess apt potential in ferroelectric and piezo 
electric devices,
127
 photodetectors,
32
 and photocatalysts
128
 and can show anomalous behaviours when 
exfoliated into strings. Anisotropic van der Waals string crystal systems exist across different material 
families, particularly post-transition metal chalcogens and halogens. Altogether, Cheon et al. have 
identified ~500 crystals that consist of weakly bonded one-dimensional molecular chains.
129
 
 
Figure 2.6 Schematic of the Bi2S3 crystal structure: (a) a-b and (b) b-c planes. (c) 
Representation of the crystal with non-covalent bonding lengths indicated 
and the van der Waals bonds, shown by red dotted lines, and their lengths. 
 
Up to now, the reports on Bi2S3 are mainly focused on the fully stoichiometric n-type phase only. 
Bulk Bi2S3 has an energy bandgap value of 1.3 eV that is direct in nature.
130
 This value can be 
engineered via altering the material dimensions, an increment of the value up to 2.0 eV in case of 
Bi2S3 nanoparticles.
131
 In nano structure morphology Bi2S3 exhibits a photoresponsitivity exceeding 4 
A/W, which results a quantum efficiency of greater than 850%.
132
 Bi2S3 has shown promising results 
for H2 gas sensors at room temperature, albeit with a long response time in the order of several 
hours.
133
 Besides, the electron mobility of Bi2S3 has been found in approximate range of 0.3 to 0.6 
cm
2
/Vs, while the on/off ratio of field effect transistors based on Bi2S3 was in the order of 10
2
-10
3
.
130
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2.8. Bismuth selenide (Bi2Se3)  
 
Bismuth chalcogenides have been studied for a long period as bulk materials owing to their 
thermoelectric, magnetic and optical properties.
134-135
 Recently, group V–VI material bismuth selenide 
(Bi2Se3) has attracted an enormous amount of interest owing to its band inversion and strong spin–
orbit coupling resulting in numerous intriguing properties.
136-138
 Here, Bi2Se3 is referred to as three 
dimensional topological insulators (TIs), where it shows conventional semiconducting behaviour in its 
bulk while surface states of Bi2Se3 feature inversion symmetry protected electron transport which may 
possibly be exploited for future dissipation less electronics.
139
 These surface states are characterized 
by a linear dispersion at the centre of a Brillouin zone (Γ) that can be visualized via angle-resolved 
photo emission spectroscopy (ARPES) which can reveal the Dirac cone.
140-142
 These unique quantum 
states are intriguing, since they enable transport that is immune to scattering from non-magnetic 
impurities. This effect originates because the electron momentum of these states is locked to their 
specific spin.
140
  
Bi2Se3 is also a semi-metallic material with a bandgap value of 0.105–0.335 eV in its rhombohedral 
crystal structure (Figure 2.7).
143-144
  Additionally, this material exhibits high radiation absorption 
coefficients in the visible spectrum, which makes it suitable for solar conversion technologies and 
photonic devices. Interestingly, it has been reported that Bi2Se3 can demonstrate either a pure 
rhombohedral structure or a combination of rhombohedral and orthorhombic structures, with the exact 
crystal phase being dependent on the synthesis parameters.
145-146
 The formation of the alternative 
orthorhombic structure of Bi2Se3 has been reported when the synthesis takes place at or near room 
temperature. To produce the rhombohedral phase of Bi2Se3 the synthesis technique requires higher 
temperatures or some form of annealing. The orthorhombic structure of Bi2Se3 exists as a metastable 
phase in ambient conditions, featuring an estimated bulk bandgap value of 0.9 to 1.19 eV based on 
two distinct computational studies.
146-147
 Furthermore, the tuning of the bandgap can be achieved to a 
certain extent via doping, size confinement  and defect generation.
148
 The possibility of synthesizing 
Bi2Se3 with diverse crystal structures offers a vast range of material properties leading to opportunities 
that may be exploited in numerous fields of applications. 
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Figure 2.7 Crystal structure of Bi2Se3 in a hexagonal cell representation (quintuple layers 
(QL) along with different atomic points are indicated).
149
 (Reproduced with 
permission from Betancourt, J. et al. "Complex band structure of topological 
insulator Bi2Se3."Journal of Physics: Condensed Matter B 28 (39) (2016): 
395501.) 
 
Experimentally it was reported that an increased bandgap could be observed in confined Bi2Se3.
150
 
The blue shift observed in synthesised Bi2Se3 nanoparticles was later attributed to quantum 
confinement effects in each direction.
151
 Such effects may lead to new applications of narrow bandgap 
Bi2Se3 in optoelectronics and catalysis.  
2.9. Preparation techniques 
2.9.1. Template acidification process for polymeric 1D MCs 
Template acidification process has been extensively studied for the synthesis of the one dimensional 
polymeric molybdenum related sulphides (MoSx).
152-154
 This process is particularly suited for 
enhancing the 1D character of MoSx. The growth of the nano particles can be controlled via the 
reaction time and type of template agent. Additionally, the deposition of nano particles can also be 
controlled via limiting the accessible locations of the templating agent. One possible template agent is 
polyallylamine hydrochloride, while the MC precursor is (NH4)2MoS4 (ammonium thiomolybdate). 
Polyallylamine hydrochloride functions as a cationic template that facilitates the directed and linear 
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polymerization of MoSx nano particles. The use of the cationic template is essential to facilitate 
charge transfer between the anionic precursor (MoS4)
2-
 and the template.
155
 Acidification of the 
solution then induces the polymerization of the (MoS4)
2-
 units along the template backbone. The 
templating method features the advantage of comparative simplicity, while providing good 
reproducibility and scalability.  
2.9.2. Liquid phase exfoliation 
Liquid phase exfoliation techniques have been developed for the synthesis of 2D materials from 
layered van der Waals crystals. These technique are extensively used for 2D materials, however, due 
to the limited work on 1D van der Waals materials little work on translating these techniques has been 
reported. Due to the significant similarity between 1D and 2D van der Waals crystals it can however 
be assumed that these techniques are suitably similar. 
The preparation of mono layer to several few layers of 2D MCs materials has attracted significant 
attention in the past few decades.
83, 156-162
  The solvent-assisted methods include electrochemical 
exfoliation techniques and liquid-phase mechanical exfoliation.
163-166
 The mechanical liquid phase 
exfoliation routes utilize either shear forces applied by blenders, or ultrasonication agitation, and are 
widely used processes for exfoliating low dimensional materials due to their potential for greater 
yields and relatively simple mechanism.
166
 During the process it is essential to control the dispersion 
stability to reduce the aggregation of exfoliated 2D materials. Numerous approaches have been 
described in order to minimize this issue, including surface energy matching of the MCs and the used 
solvent and the addition of surfactants.
106, 167-168
 Since the interaction between the solvent and MCs 
affects the dispersion stability and exfoliation efficiency to a great extent, the suitable solvent should 
fulfil the following conditions.
107, 165, 169-172
  
(1) It should be able to exfoliate the chosen material at the highest concentration possible.  
(2) It should be able to stabilize the exfoliated low dimensional materials for extended periods. 
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(3) It should have a high boiling point to avoid excessive evaporation during ultrasonication. 
Hence, it is essential to use a theoretical framework to determine suitable solvents for exfoliation. 
Several solvent parameters such as the Hildebrand solubility parameter and Hansen parameters have 
been used to predict the appropriateness of solvents for desired materials.
165, 173
 While the Hildebrand 
solubility parameter were found to be somehow useful for predicting suitable solvent for exfoliating 
low dimensional materials, the Hansen parameters are still relatively inefficient, since they are 
traditionally used for polymers.
107, 169, 172
 Studies have shown that surface energy matching among the 
target solvents and typically investigated layered MCs such as MoS2 or graphite is crucial, with 
solvent such as  N-methylpyrrolidinone, cyclohexylpyrrolidone, cyclohexylpyrrolidone or N-vinyl-
pyrrolidinone being frequently identified as appropriate solvents to exfoliate MCs using mechanical 
liquid phase exfoliation processes.
174-176
  Thermodynamic studies revealed that a lower difference in 
surface energy between the low dimensional material and the chosen solvent results in a better 
outcome through liquid phase exfoliation.
176
  
Among the various liquid phase exfoliation methods, probe sonication has several distinct advantages. 
The probe sonicator where the tip is immersed in the sample has been found to be more powerful, 
achieving a better coupling of the acoustic energy to the sample when compared to conventional bath 
sonicators. The power transferred to the sample from a probe sonicator is up to 10-fold higher than 
that of a typical bath sonicator, and as a result it produces high-quality nanostructures within short 
processing times.
177
 Recently it has been observed that probe sonication can effectively be deployed to 
obtain high concentration of quality graphene using solvent exfoliation processes.
178
 Moreover, 
numerous research groups have optimized various sonication parameters such as time, frequency and 
amplitude. For instance, Shin et al. obtained few layer graphene via dispersion and exfoliation of 
graphite in ethanol when combined with powdered aluminium alloy. 
179
 Isaza et al. dispersed carbon 
nanotubes in polyvinyl alcohol solution using sonication power of 100 W and 20% amplitude for 
1 h.180 However, the application of probe sonication techniques often results in trade-offs, since 
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extended time and intense energy increases both exfoliation yield as well as localised damage, which 
can degrade low dimensional material structure and introduce defects.
181
  
Once the appropriate force has been determined, exfoliation of nanostructures from bulk van der 
Waals crystals can be achieved without the breaking of the exfoliated sheets, while also maintaining 
the crystal phase of the material.
107, 182-183
 The probe sonication method has recently been successfully 
used to exfoliate various materials such as MoS2, Bi2S3, Bi2Se3 to their low dimensional (1D, 2D) 
form.
184
 Thus, it has been expected to obtain large area sheets and long nano-structures from highly 
ordered as well as naturally abundant crystals of Bi2Se3 and Bi2S3 using the probe sonication method. 
2.10 Summary 
In summary, metal chalcogenides (MCs) in the form of low-dimensional nano structures are 
remarkable candidates for energy storage, photo-catalysis, electronics and sensors. MC nanomaterials 
have emerged as highly robust and active catalysts that have been used to convert energy that may 
originate from solar energy or other sources of renewable electricity to fuels through solar-driven 
direct photocatalytic water-splitting or electrochemical technologies. The class of materials is very 
interesting due to their optical and electronic properties that may be tuned via nano structuring. As 
such low dimensional MCs are expected to form the basis of emerging optoelectronic and sensing 
technologies. Moreover, they are typically based on earth-abundant elements and frequently occur 
naturally as high quality van der Waals crystals. While the properties of 2D materials have been 
extensively investigated, the synthesis properties and applications of 1D metal chalcogenides are 
underexplored, leading to abundant opportunities for novel discoveries in the fields of photocatalysis, 
electrocatalysis and sensing.  
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Chapter 3 
 
 
 
Surface Water Dependent Properties of Sulphur Rich 
Molybdenum Sulphides - Electrolyteless Gas Phase Water 
Splitting † 
 
 
3.1. Introduction 
Renewable hydrogen has the potential to transition the current fossil fuel based economy and 
infrastructure to incorporate a larger share of carbon neutral clean fuel. Hydrogen production utilising 
water electrolysis or direct photocatalytic splitting of water are currently regarded as the most 
promising pathways towards a hydrogen based economy.
1-2
 Here, transition metal based inorganic 
semiconducting polymers (TMISP) such as sulphur rich molybdenum sulphides (MoSx) are an 
emerging class of inorganic coordination polymers which are predominantly utilised for their superior 
catalytic properties for hydrogen production. Additionally, exotic nature such as the high polarisibity 
of MoSx groups allows them to form bonding with numerous gaseous substances including water 
molecules, which needs more attention.  
  The contents of this chapter is published in Daeneke et al., ACS Nano, 11, 7, 6782-6794, 2017 †
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In this chapter, a thorough investigation of the effect of water vapour on the material’s electronic 
properties of MoS3⅔ has been carried out. Additionally, MoSx is also explored for moisture sensing 
and dehumidification. Moisture sensors are typically made of oxides, due to the importance of 
terminal oxygen moieties for moisture sensing.
3-4
 The demonstration of TMISPs as moisture sensors 
introduces a new class of materials for humidity sensing. Dehumidification of ambient air, particularly 
in large climate controlled buildings, leads to significant consumption of energy.
5
 Classical desiccants 
such as silica gel and zeolites, are often regenerated at temperatures above 70°C.
6-7
 Reduction of the 
regeneration temperature, while maintaining fast desorption kinetics, may lead to significant energy 
savings.
5, 8
  
Finally, electrolyteless photocatalytic water splitting is demonstrated, only relying on moisture 
captured from humid air as a water source. For this purpose, a catalytic ink is developed that can be 
coated onto any substrate, leading to efficient and low cost hydrogen production from humid 
environments.  
3.2. Methods 
3.2.1. Synthesis of partially hydrated MoS3⅔ 
A facile templated acidification polymerisation method was used for synthesising hydrated MoS3⅔ 
suspensions. (NH4)2MoS4 precursor was employed in conjunction with the cationic polymer 
polyallylamine hydrochloride (PAAHCl). All reagents were purchased from Sigma-Aldrich and used 
directly without any additional purification. In a typical synthesis process, 260.3 mg (NH4)2MoS4 and 
187.1 mg PAAHCl were dissolved in 10 ml of deionised (DI) water in a glass vial. The colour of the 
solution was found to rapidly transition from red to turbid orange due to the binding of the 
tetrathiomolybdate ions to the cationic templates. The solution was then acidified by placing 2-3 ml of 
concentrated HCl (32%) next to the sample in a closed system for 24 hrs. The presence of HCl 
vapours lead to a gradual acidification of the sample and the colour of the solution changed from 
bright orange to black overnight. The solution was stirred throughout the process. The product was 
then isolated by centrifugation at 2500 rcf for 1hr. In order to remove any residual educts, the 
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templating polymer, HCl and side products, the product was re-dispersed into 10 ml of DI water and 
recollected by centrifugation. This washing step was repeated twice to ensure the successful removal 
of all contaminations. Raman spectroscopy was utilised to ensure that the templating polymer was 
successfully removed. A part of the sample was then dried on a large glass Petri dish at room 
temperature for 3 days for further analysis that required solid samples. 
3.2.2. Fabrication of moisture sensor 
Approximately 100 µl of the MoS3⅔ suspension was drop casted onto an interdigitated electrode on an 
alumina ceramic substrate with Ag - Pd electrodes, purchased from Elite Tech (Figure 3.1 for the 
design). The sensor was dried at room temperature overnight prior to testing. Care was taken to ensure 
that the entire electrode area was covered with a thin film of the sample. 
 
Figure 3.1 Schematic of the interdigitated electrode, grey areas are the Ag/Pd electrodes. 
Measurements are given in mm.  
 
3.2.3. Photocatalytic device fabrication 
For the photocatalytic experiments an ink was formulated that could be deposited onto microscopy 
glass slides. The optimised ink contained 900 mg of dried MoS3⅔ and 100 mg of TiO2 P25 (Sigma 
Aldrich). The solid components were mixed with 5 ml of DI water and sonicated in a bath sonicator 
for 1 hour. The ink was then deposited onto microscopy glass slides using the doctor blade technique 
with scotch tape to define the thickness of the film and the area. The glass slides were cleaned in hot 
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concentrated sulfuric acid for 10 min followed by rinsing in DI water prior to the deposition, which 
was found to lead to improved adhesion of the deposited film. A single print of the ink was applied 
followed by drying of the film at 40 °C on a hot plate. The catalyst loading was determined to be 0.6 
mg per cm
2
 using gravimetric analysis. 
3.2.4. Electrolyteless gas phase water splitting 
A specially designed reactor was utilised for the electrolyteless gas phase photocatalytic water 
splitting experiments. The reactor chamber was a 500 ml sealed glass vessel with a detachable 
headspace hydrogen sensor. The sensor was built in house utilising two SGX Sensortech VQ546M 
hydrogen sensor chips. The sensors were calibrated prior to use with hydrogen-nitrogen standard 
mixtures, and were found to function according to the manufacturer's specification, featuring a 1 mV 
decrease in voltage for a 0.025% increase in hydrogen concentration. The overall pressure was 
recorded using an ANKOM pressure sensor, incorporated in the sensing head. The photocatalyst 
coated microscopy glass slide was placed onto two stands within the reactor vessel. 10 ml of distilled 
water was placed below the catalyst to ensure that the atmosphere was saturated with water vapour. 
The system was allowed to reach equilibrium in the dark for 30 minutes, upon which the catalytic film 
was illuminated with simulated solar light using a 150 W Xe lamp solar simulator (ABET 
Technologies) with 1 sun (100 mW cm
-2
) light intensity. The illuminated sample area was 3.5 cm
2
. 
The samples were allowed to equilibrate within the sealed chamber in the dark for 30 min prior to the 
experiment. The samples were then either continuously illuminated or illuminated in a cyclic pattern, 
being illuminated for 30 min, followed by 30 min of storage in the dark. The produced hydrogen was 
measured using the headspace sensors, and both hydrogen sensors were in good agreement with each 
other.  
3.2.5. Material characterisation 
UV-vis spectroscopy was carried out using a Cary 500 spectrometer (Varian) and quartz cuvettes. 
Raman spectroscopy and PL spectroscopy were carried out using a Labram HR evolution 
spectrometer (Horiba). For this experiment the sample was drop casted onto a gold coated silicon 
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wafer and placed in a sealed camber equipped with a quartz window, gas in and out-lets and 
micromanipulator electrical probes (Linkam HFS600 PB4). For the Raman measurements the sample 
was excited with 4.5 mw, 532 nm light. The measurements were conducted using a 10X lens and 
1800 lines per mm grating. The sample was purged with dry nitrogen (200 sccm) for 4 hours prior to 
the dry measurements. The sample was then exposed to ambient air (30 min) for the moist 
measurements. The PL measurements were conducted using the same instrument as for the Raman 
characterisation, using 2.25 mW, 532 and 785 nm excitation.  
XPS was carried out on a Thermo K-Alpha instrument (Thermo Scientific) with monochromatic Al 
Kα radiation (λ = 1486.7 eV). The samples were drop casted onto SI wafers for this characterisation. 
Transmission electron microscopy was carried out on JEOL 1010 and 20100F instruments operating 
with an 100 and 200 kV acceleration voltage, respectively, and equipped with Gatan Orius SC600 
(JEOL 1010) and SC1000 (JEOL 20100F) CCD cameras. The samples were drop cast onto holey 
carbon grids (Proscitec) for the analysis. 
Low field NMR analysis was carried out on a Bruker minispec mq20 NMR analyser. The dried 
sample was stored for 100 hrs in a nitrogen glove box prior to being sealed in the NMR tube. The 
measurements were carried our directly after removal from the glovebox to minimise any moisture 
diffusing into the sealed tube. The solid-echo and spin-echo pulse sequences (modified fid_mb 
sequences) were acquired using 128 scans and a relaxation delay of 2 s. The moisture desorption 
isotherms were measured using a Perkin Elmer Pyris 1 thermogravimetric analyser (TGA). For this 
experiment approximately 4 mg of the room temperature dried sample were weighed into a platinum 
TGA pan. Once the instrument reached the desired temperature the sample was loaded into the TGA 
and the sample was exposed to dry nitrogen flows with a flow rate of 20 sccm and the sample weight 
was recorded. The sample was exposed to ambient air for 5 minutes between each cycle during the 
cyclic desorption experiments.  
Moisture sensing was conducted in the same sealed chamber that was used for the Raman 
measurements. The sensor was placed inside the chamber and connections to the contact pads were 
58 
made with the micromanipulators. The sample was initially purged with dry nitrogen (200 sccm) for 
90 min. Resistance measurements were performed using an Agilent 34401A multimeter. During the 
initial nitrogen purge the resistance increased above the upper detection limit of the instrument. After 
the initial drying step the sensor was exposed to 25% RH (at 30 °C) in nitrogen (200 sccm) until the 
resistance dropped below 1 GΩ. The sample was then exposed to gas flows (200 sccm) of with 
specified moisture contents (between 25% and 60% RH (at 30°C)) in nitrogen. A V-Gen Dew 
Point/RH generator was used to generate specific probe gas streams with RH values measured at 30 
°C. The sealed measurement chamber was also set to 30 °C. XRD measurements were conducted on a 
Bruker D4 Endeavour powder diffractometer with Cu Kα radiation of 1.5406 Å. The dried sample 
was stored for 100 hrs in a nitrogen glovebox prior to the analysis. The dried sample was sealed under 
a layer of Kapton film (TF-475), in a specifically designed sample holder for dry measurements. For 
consistency the ambient atmosphere dried sample was also measured under the Kapton film. A 
diffraction pattern of the Kapton film on its own was measured and is presented in the Figure 3.2. 
Photoelectron spectroscopy in air (PESA) was conducted using a Riken Keiki AC-2 photoelectron 
spectrometer. The samples were prepared by drop casting a suspension of MoS3⅔ onto a microscopy 
glass slide.  
 
Figure 3.2 XRD pattern of the used Kapton film 
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3.3. Results and discussion 
3.3.1. Synthesis and Characterisations 
Partially hydrated MoSx was synthesised following a modified literature procedure.
9-10
 In short, 
MoS4(NH4)2 was added to an aqueous solution of polyallylamine hydrochloride (PAAHCl). The 
cationic polymer acts as a templating backbone during the synthesis, binding the precursor and 
leading to preferential assembly of MoS4
2-
 ions along one dimension. The solution was then acidified 
using a HCl vapour acidification method, devised to gradually lower the pH, leading to 
polymerisation. The resulting product was then thoroughly washed to remove the remaining 
precursors and side products. Raman spectroscopy confirmed the successful removal of the polymer 
template (Figure 3.3).  
 
Figure 3.3 Raman spectra of the polymer template and the corresponding region 
measured for MoS3⅔ stored in dry and ambient atmosphere  
 
Transmission electron microscopy (TEM) revealed that a highly porous network of quasi one 
dimensional nanostructures was obtained (Figure 3.4d), consisting predominantly of 10-20 nm wide 
interconnected branches of MoSx. As expected, high resolution TEM (HRTEM) imaging confirmed 
that the product is amorphous, featuring no distinguishable lattice structures, while presenting ribbon 
like features with a width between 3.5 and 4.5 Å.
11-12
 The size of these features corresponds well with 
the reported dimensions of MoSx chains. Thus it is concluded that the synthesised MoSx chains have 
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agglomerated, forming 10-20 nm wide bundles which are interconnected to establish a highly porous 
superstructure.
11
 X-ray diffraction (XRD) confirmed the amorphous nature of the product (Figure 
3.5).
9
 The addition of the PAAHCl template was found to increase porosity and reduce feature sizes, 
when compared to MoSx synthesised without any scaffold (Figure 3.6). The observed morphology is 
in good agreement with previous reports.
9-10
  
 
Figure 3.4 Chemical structure and morphology of MoSx: a) Chemical structure of 
Mo3S13
2-
, b) stoichiometric polymerised MoS3⅔ with highlighted and colour-
coded sulphur moieties, c) defected MoSx featuring oxygen defects, d) TEM 
image of the synthesised product and a HRTEM image (inset) showing 
ribbon like features, forming due to the porous and branched nature of the 
compound. 
 
61 
 
Figure 3.5 XRD patterns of MoS3⅔ measured for samples stored in ambient atmosphere 
(black) and after drying in a nitrogen glove box for 100 hr (red). Both patterns 
are measured for samples under a protective Kapton film in a sample holder 
designed for dry measurements of hygroscopic samples. The weak amorphous 
feature at 25° may be attributed to the Kapton film. 
 
 
Figure 3.6 Low resolution TEM images of MoS3⅔ synthesized with template (a) and 
without template (b). The templating agent used is polyallylamine 
hydrochloride.  
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The absorption bandgap of the synthesised material was determined to be 1.22 eV, using UV-vis 
spectroscopy, which is close to the reported value of 1.25 eV (Figure 3.7a).
13
 Furthermore, an 
additional absorption feature was observed close to the absorption onset at 963 nm (Figure 3.7a). This 
feature has been identified as the Urbach tail, which is frequently observed in amorphous 
semiconductors.
13
 X-ray photoelectron spectroscopy (XPS) was then employed to obtain the 
composition of the product, attesting a sulphur to molybdenum ratio of 78% to 22% that indicates a 
stoichiometry close to MoS3⅔. The XPS spectrum of the material shows the expected features in the 
sulphur and molybdenum regions (Figure 3.7).
11
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Figure 3.7 Assessing the bandgap and stoichiometry of MoSx: a) UV-vis spectrum 
obtained in aqueous suspension and the corresponding Tauc-plot (inset), b) 
XPS spectrum of the sulphur 2p region, and c) XPS spectrum of the 
molybdenum 3d region. In the sulphur 2p region two overlapping doublets 
are observed, which are associated with terminal disulphide ligands (S2T) 
(162.3 and 163.5 eV) and bridging or shared disulphide ligands (S2Br/Sh) 
(163.6 and 164.8 eV) (Figure 3.7a and b).
11, 14
 The close proximity of the 
S2Br/Sh-S2p3/2 and the S2T-S2p1/2 peaks leads to the characteristic triplet like 
appearance of the XPS signal (Figure 3.7b). The molybdenum 3d region 
features two distinct doublets and one singlet (Figure 3.7c). The singlet 
arises due the sulphur S2 signal. Its broad nature is observed due to the 
presence of sulphur atoms in various environments and oxidation states.
14
 
The lower energy doublet corresponds to molybdenum-sulphur bonds, while 
the higher energy doublet is associated with molybdenum-oxygen bonds.
11
 
The presence of oxygen defects is commonly observed in MoS3⅔, and the 
structure of defected MoS3⅔ is shown in Figure 3.7c.
11 
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3.3.2. Hygroscopic Properties and Low Energy Dehumidification  
Due to the highly porous structure of the network of synthesised MoS3⅔ sample, and the known 
affinity of amorphous molybdenum sulphides towards polarisable gases, it has been predicted that the 
material should feature intense interaction with gaseous substances including water vapour. Hence, it 
was decided to investigate the effects of moisture adsorption on the electronic properties of the 
material.
15
  
Moisture desorption isotherms were recorded under nitrogen flow at set temperatures in a 
thermogravimetric analyser in order to quantify the moisture capacity of amorphous MoS3⅔. Weight 
loss curves were recorded at set temperatures (Figure 3.8a), which revealed that the material 
contained a significant weight fraction of labile water. A 7% weight loss could be achieved even at 
moderate temperatures of ≥40°C. Minor differences between the 50 and 60 °C samples are likely 
within the margin of experimental error. The weight loss occurred rapidly upon exposure to dry 
atmosphere, attesting fast desorption kinetics. Furthermore, it was observed that the dried material 
quickly re-adsorbed the lost moisture when exposed to ambient atmosphere, highlighting the 
reversible nature of the reaction. Figure 3.8b showcases a cyclic adsorption and desorption experiment 
at 40°C in which the sample was exposed to dry nitrogen followed by exposure to ambient 
atmosphere. It can be observed that the MoS3⅔ sample rapidly loses 2% of its weight in dry nitrogen, 
which is then re-absorbed from ambient air within 5 minutes. This process could be repeated several 
times, indicating that the moisture adsorption and desorption were highly reversible, and the sample 
weight returned to its original value following each cycle. This behaviour indicates that the H2O 
molecules are bound through relatively weak physisorption processes. The observed properties show 
that MoS3⅔ is a suitable desiccant, capable of rapidly adsorbing and removing moisture from humid 
air, which can function in a comparatively low temperature regeneration step. While the moisture 
capacity is lower than that of state of the art silica gel and zeolite based desiccants, which can 
typically accommodate 20% to 40% of water by weight, regeneration can occur at comparatively 
lower temperatures which render MoS3⅔ as an attractive alternative for continuous low energy 
moisture removal.
16
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Low field nuclear magnetic resonance (NMR) relaxation studies were carried out to gain further 
insight into the moisture binding process observed in partially hydrated MoS3⅔. The measured spin-
spin relaxation times (T2) provide insight into the environment of the respective water molecules. 
Crystalline water, firmly bound into the lattice, features relaxation times in the order of 10
-6
 to 10
-5 
s, 
while weakly bound, labile water leads to relaxation times in the order of 10
-4
 s.
17
 Even longer 
relaxation times exceeding milliseconds are observed for liquid water. Here, relaxation time 
measurements were conducted using solid-echo and spin-echo protocols.
18-19
 The solid-echo protocol 
is optimised to accurately determine relaxation times in the order of microseconds, while the spin-
echo measurement is suitable for assessing longer relaxation times. For these experiments samples 
stored in ambient atmosphere and dry atmosphere were compared (Figure 3.8c). The data was fitted in 
order to retrieve the T2 relaxation times (Table 3.1).  
Table 3.1 Low spin NMR relaxation times 
T2 relaxation sequence Solid-Echo Spin-Echo 
  Air Dry Air Dry 
  T2(ms) T2(%) T2(ms) T2(%) T2(ms) T2(%) T2(ms) T2(%) 
First Gaussian 
component 
0.012 73.5 0.012 84.2 0.007 25.3 0.008 39.1 
Second Gaussian 
component 
0.155 1.0 0.068 6.5 0.031 7.5 0.036 15.5 
Lorentzian Component 0.170 25.5 0.100 9.3 0.193 67.2 0.080 45.4 
 
Visually inspecting the solid-echo and spin-echo NMR data (Figure 3.8c), it can be seen that the 
signal from both samples is similar in the short timescale, while significant changes occurred for 
longer time scales. The fit to the solid-echo data revealed that the water content within the ambient 
atmosphere sample consisted of approximately 74% crystalline water with the remainder being 
loosely adsorbed and labile water. This labile water is likely bound by van der Waals interactions and 
hydrogen bonds. Upon drying this ratio changed to 84% crystalline water with only 16% labile water, 
confirming that a significant fraction of water has been lost. The spin-echo measurements provide a 
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more accurate measure of the relaxation times of the labile component, while short relaxation times of 
crystalline water are poorly resolved. Hence, the ratio of crystalline to labile water should be taken 
from the solid-echo measurements. The spin-echo data revealed that upon drying, the relaxation time 
of the labile component significantly shortens from 193 µs to 80 µs which is accompanied by a 
significant reduction of its contribution to the overall signal intensity. Overall, the NMR analysis 
indicates that the water molecules are bound either as crystalline water (~74%) or as more loosely 
attached surface water, bound by weak hydrogen bonds and van der Waals interactions (~26%). When 
exposed to dry atmosphere the loosely attached water molecules are selectively desorbed, leaving the 
crystalline water and more tightly bound labile components behind.  
These results are in good agreement with the gravimetric desorption study, since the drying process of 
the sample was conducted at room temperature for the NMR data. The 30°C desorption trace recorded 
a weight loss of 3.5%, while at slightly higher temperatures (≥40°C) the weight loss saturates at 7%, 
indicating the removal of close to the entire labile water fraction. This observation, together with the 
determined stoichiometry of MoS3⅔, leads to the conclusion that 0.9 molecules of H2O are reversibly 
adsorbed for each Mo centre. Considering the NMR results of the hydrated sample an additional 2.5 
molecules of crystalline water are estimated to be bound per Mo unit, leading to a stoichiometry of 
MoS3⅔ • 3.4 H2O. 
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Figure 3.8 Assessment of the moisture uptake by MoS3⅔: a) moisture desorption curves 
recorded at indicated temperatures, b) cyclic moisture desorption and 
adsorption, in which desorption occurred in 40°C dry nitrogen (10 min), and 
adsorption occurred at room temperature in ambient atmosphere (relative 
humidity controlled to 50%; 5 min), c) solid-echo low field NMR relaxation 
data (squares) and spin-echo low field NMR relaxation data (solid lines), 
inset: magnified plot of the labile water region.  
 
3.3.3. Moisture Dependent Structural and Electronic Properties 
Raman spectroscopy was conducted in order to determine the nature of the water-binding sites (Figure 
3.9a). The Mo-S vibration modes are located in between 250 and 400 cm
-1
. The mode associated with 
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the apical sulphur atoms is located at 445 cm
-1
 while S-S modes of the terminal and bridging/shared 
disulphide ligands are observed at 515 and 550 cm
-1
, respectively. Interestingly a pronounced Mo-O 
peak is seen at 940 cm
-1
, confirming that a significant number of oxygen defects are present in the 
synthesised material.
11
  
When comparing the spectra of the dried sample with the one exposed to ambient atmosphere it can 
be found that both spectra are remarkably similar with the distinction that the mode associated with 
the bridging and shared disulphide ligands is significantly enhanced upon exposure to atmospheric 
moisture. This constitutes strong evidence that the labile water molecules are bound in close 
proximity to the shared/bridging disulphide ligands. Recent investigations into the hydrogen binding 
energy of various sites on a Mo3S13 based polymer chain by Ting et al. revealed that both the bridging 
and terminal disulphide ligands have a high affinity towards hydrogen.
20
 They concluded that the 
binding strength at the terminal sites is large enough to form irreversible binding, while adsorption at 
the bridging disulphides is likely reversible, which would allow the formation of hydrogen bonds. 
These assertions are supported by experimental evidence reported by Afanasiev et al.
21
 We 
furthermore observed a shift of the Raman mode associated with the apical sulphide. This observation 
has been linked to slight distortions of the Mo3S13 cluster.
11
 
From such observations, it is postulated that the bridging disulphides of the MoS3⅔ polymer interact 
with water molecules in ambient air to engage in hydrogen bonding, leading to the reversible 
adsorption of the water molecules onto the MoS3⅔ surface at the bridging and shared disulphide sites. 
XRD data (Figure 3.5) revealed minor shifts of the amorphous features upon drying, which indicates 
that the surface adsorbed water molecules induce a slight deformation of the MoS3⅔ polymer chains, 
which is consistent with the occurrence of van der Waals and hydrogen bond interactions. 
Furthermore photoluminescence (PL) spectroscopy inside the sealed chamber on dried and moisture 
exposed samples, akin to the Raman measurements was conducted (Figure 3.9b and c). It is observed 
that the PL intensity of the dried MoS3⅔ film is significantly higher when compared to the ambient air 
exposed sample. Two broad PL peaks are observed at 810 and 940 nm for the dried sample. Upon 
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exposure to moisture, both PL peaks experienced a hypsochromic shift to 775 and 883 nm. The 
existence of PL in the sample indicates that the material exhibits semiconducting behaviour which is 
in accordance with previous reports.
13, 22
 The quenching of the PL, together with the shift of the 
luminescence, indicate that exposure to moisture significantly alters the electronic properties of the 
material. The quenching is particularly revealing, indicating that significant charge transfer from the 
water molecules to the MoS3⅔ chain occurred, which supports the hypothesis that hydrogen bonds are 
formed. 
 
 
 
 
 
 
 
70 
 
Figure 3.9 Raman and PL spectra of the hydrated and dehydrated MoS3⅔ samples: a) 
Raman spectra recorded with an excitation wavelength of 532 nm on 
samples placed in a sealed chamber. The sample was first dried by purging 
the chamber with nitrogen for 4 hours. The sample was then exposed to 
ambient atmospheric conditions leading to the adsorption of moisture, b and 
c) PL spectra of dried and moisture exposed MoS3⅔ samples excited at b) 
785 nm and c) 532 nm. For these experiment, a drop casted sample of 
MoS3⅔ was placed inside a sealed chamber equipped with 
micromanipulators, a quartz window and gas flow-through system. The 
sample was purged with nitrogen at room temperature to remove the labile 
water component. A Raman and PL spectrum was collected while the 
sample remained under nitrogen atmosphere. Afterwards the sample was 
exposed to ambient atmosphere and another Raman and PL spectrum was 
collected. The Raman spectrum of the sample exposed to air is in excellent 
agreement with previous reports.
11
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3.3.4. Relative Humidity Sensing 
The observed electronic changes and fast moisture adsorption and desorption kinetics indicate that the 
materials can be exploited for moisture sensing. For this purpose, a thin film of MoS3⅔ was drop 
casted onto interdigitated electrodes (Figure 3.8a) to create a conductometric moisture sensor. The 
sensor’s resistance was then measured while being exposed to gas flows with controlled relative 
humidity (RH). Upon exposure to dry nitrogen, the resistance of the sensor rapidly increased by over 
3 orders of magnitude, beyond the upper detection limit of our characterisation equipment.  
 
Figure 3.10 Demonstration of the moisture-sensing concept: (a) schematic representation 
of the device, (b) suggested sensing mechanism based on physisorbed 
moisture and proton conduction based on the Grotthuss mechanism, (c) 
measured resistance of the sensor when exposed to defined gas flows with 
specified relative humidity. Three cycles were measured for each gas flow. 
In between each cycle the sensor was exposed to a baseline of 25% RH (at 
30 °C). 
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Afterwards, the dynamic response of the sensor was investigated to humidity changes between 30% 
and 60% RH with a baseline of 25% RH (Figure 3.8c). The baseline of 25 % RH was selected since 
atmospheres with lower moisture content resulted in resistance values above the detection limit of our 
equipment. This limitation may be overcome in the future by optimising the spacing in between the 
interdigitated electrodes. The developed sensor showed a logarithmic dependency of the resistance on 
the relative humidity of the gas (Figure 3.9). The surface adsorbed H2O species likely enable a 
Grotthuss conduction mechanism (Figure 3.10 b) which ultimately leads to the sensing response.   
 
Figure 3.11 Measured resistance of the humidity sensor at equilibrium while exposed to 
atmospheres with varying relative humidity. The measured data is black, the 
red curve is a single exponential fit to the data. 
 
Overall, a change in resistivity of over two orders of magnitude between 25% and 60% RH (at 30 °C) 
was observed. The sensor’s device parameters measured for various water concentrations are 
presented in Table 3.2. The response times of the senor were determined to be between 58 and 16 s, 
with a faster response associated with a larger change in relative humidity. The recovery time was 
found to be around 200 s. The sensitivity of the sensor (|R0/ΔR|) is defined as the base line value (R0) 
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relative to the total change of the device’s resistance (ΔR), and was found to be between 4.0 and 104.8 
for relative humidities of 35% and 60% (at 30 °C), respectively, indicating that the resistance dropped 
by 75 to 99%. Interestingly the sensor showed no response to NO2 or H2S gas (data not shown), 
highlighting good selectivity. Successive measurements indicate that the device is very stable and 
features minimal hysteresis.  
Altogether the sensor’s performance is well suited for practical applications and the performance 
parameters are on par with state of the art materials.
3, 23
 This is somewhat surprising since 
semiconducting moisture sensors are typically oxides, due to the crucial role of the surface oxide sites 
in the established sensing mechanism.
4
 The previously identified oxide defects may act as initial 
chemisorption sites, followed by physisorption utilising hydrogen bonds, inducing the observed 
changes in the Raman spectrum.
4, 11
 
Table 3.2 Measured sensor characteristics of the developed MoS3⅔ based humidity sensor
*
  
RH (30°C) (%) tres (s) trec (s) |R0/ΔR| 
35 58 167 4.0 
40 31 203 6.2 
45 28 205 11.8 
50 20 196 23.3 
55 23 211 39.8 
60 16 203 104.8 
*
The response time tres and recovery time trec are defined as the time necessary to reach 90% of the 
total signal height and recovery to 90% of the base line, the sensitivity (|R0/ΔR|) is defined as the ratio 
between the baseline resistance R0 at equilibrium and the total change of the resistance (ΔR). The base 
load was 25% RH (at 30 °C), values are given for the second of three consecutive measurements.  
3.3.5. Electrolyteless Water Splitting 
As discussed previously, one of the key applications of MoS3⅔ can potentially be in the field of 
hydrogen production, where it commonly serves as an electrocatalyst. Considering the observed rapid 
moisture capture and good conductivity of the synthesised material, we explored its application 
towards electrolyte free hydrogen production. For this purpose, we formulated a catalytic ink that can 
be utilised for H2 production without the need of any external power sources or fluid handling 
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equipment. The development of an ink based electrolyteless gas phase photocatalytic hydrogen 
evolution catalysts is highly attractive, since it significantly simplifies the device structure, essentially 
allowing to adapt any surface towards solar fuel production. Since the catalytic process is electrolyte 
free the fuel production is not only carbon neutral, but also water neutral, not relying on drinking 
water to sustain its operation.
26
 Furthermore the aforementioned disadvantages of using electrolytes 
such as the risk of freezing, leakage and corrosion are entirely avoided.
24
  
Since the bandgap of MoS3⅔ is too narrow to facilitate water splitting on its own, a mixture of MoS3⅔ 
and TiO2 (P25) was designed. Amorphous molybdenum sulphides are frequently utilised in 
conjunction with wide bandgap semiconductors such as CdS and TiO2 or organic sensitisers such as 
erythrosine B. The wide bandgap material promotes light harvesting and provides high energy charge 
carriers to the catalytically-active molybdenum sulphide, leading to hydrogen and oxygen evolution 
(Figure 3.10b).
10, 25
 In the envisaged design, sulphur rich MoS3⅔ captures water from moist air and 
then acts as a photocatalyst in conjunction with TiO2. Figure 3.10a and b show a schematic 
representation of the catalytic device and an energy diagram highlighting the active components.  
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Figure 3.12 Demonstration of electrolyteless gas phase water splitting: a) Schematic of 
the catalytic device and the cyclic operation. Step 1) indicates the initial 
water adsorption by MoS3⅔ prior to catalysis, once illuminated the TiO2 and 
MoS3⅔ particles harvest light (step 2), which leads to overall water splitting 
(step 3). The device recaptures the lost water molecules during the dark 
cycle (step 4). b) Shows the energy diagram of the catalyst, with the TiO2 
values taken from the literature
26
 and the determined MoS3⅔ band positions. 
c) Measured evolved hydrogen during cyclic catalysis using TiO2 (blue), 
MoS3⅔ (red) and a mixture of 90% MoS3⅔ and 10% TiO2 by weight (black).  
 
The band positions of MoS3⅔ were determined using photoelectron spectroscopy in air (Figure 3.11), 
which allowed measuring the valence band position, together with UV-vis spectroscopy (Figure 3.5), 
which provided the size of the bandgap. The conduction band edge of MoS3⅔ is found to be well 
positioned to facilitate H2 evolution, as well as to be sensitised by TiO2. Oxygen evolution is expected 
to be facilitated by TiO2.
27
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Figure 3.13 photoelectron spectroscopy in air (PESA) data for MoS3⅔, measured to 
determine the valence band position (EVB). 
 
The optimised ink formulation consisted of a simple 90% MoS3⅔ and 10% TiO2 containing aqueous 
suspension with a combined solid loading of 20%, which could be deposited onto a glass substrate 
using the doctor blade technique. The sample was then placed in a sealed glass vessel with a moisture 
saturated atmosphere. The vessel was equipped with a custom build hydrogen headspace sensor which 
recorded the hydrogen concentration during illumination with simulated solar light.  
Hydrogen production was detected when the MoS3⅔/TiO2 mixture was illuminated, while films 
containing only MoS3⅔ or TiO2 resulted in no detectable H2 concentration (Figure 3.10c), indicating 
that the formation of a heterojunction is paramount to the process. We observed however, that the H2 
production rate of the optimised ink declined upon prolonged illumination (Figure 3.12) and 
eventually ceased. To our pleasant surprise, the film regained its catalytic activity upon storage in the 
dark, which allowed us to design a cyclic illumination pattern which enables continued hydrogen 
production. Figure 6c shows the cumulative hydrogen production observed after 5 cycles of 30 min 
illumination followed by 30 min storage in a dark humid environment. We postulate that the catalytic 
system loses its moisture content under illumination due to the desired catalytic water splitting and 
thermal effects, to a point where sustained H2 production is not possible. The recapture rate of H2O by 
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the catalyst, while under illumination, appears to be too slow to sustain continuous water splitting. 
Light absorbed by MoS3⅔ is expected to not fully contribute to the overall water splitting reaction, due 
to the narrow bandgap. Photons absorbed by MoS3⅔ are, however, expected to lead to hydrogen 
evolution, due to the favourable band alignment for this half reaction. Oxygen evolution is expected to 
be the limiting step for overall water splitting, due to the wide bandgap of TiO2, resulting in thermal 
heating due to this mismatch. Hence during cyclic operation, the adsorbed water is consumed under 
illumination to produce hydrogen, while the hygroscopic MoS3⅔ chains recapture thermally desorbed 
and decomposed water during the dark resting phase (Figure 3.10a).  
 
Figure 3.14 Photocatalytic hydrogen production of a printed layer containing 90% 
MoS3⅔ and 10% TiO2 (P25), measured for an extended illumination 
period of 90 min. 
 
The hydrogen production rates were found to be 11.09 and 4.03 mmol g
-1
h
-1
 for the cyclic 
illumination and continuous illumination strategies, respectively. The demonstrated electrolyteless 
hydrogen evolution system is surprisingly efficient considering that it relies entirely on the capture of 
moisture from humid air. The developed system outperforms previous reports on gas phase 
electrolyteless photocatalytic water splitting (Table 3.3) despite previous works using high intensity 
UV illumination rather than simulated solar light. For comparison vapour fed membrane electrolyte 
based photocatalytic and electrolysis systems are also included in Table 3.3. The H2 production rates 
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can likely be improved further by employing semiconductor nanoparticles with a more favourable 
absorption profile than TiO2 as co-catalyst, and by optimising the design of the device; for example by 
utilising a transparent 3D support that allows higher catalyst loading and optimises light absorption 
and gas transport.
27-28
 
Table 3.3 Comparison of different gas phase hydrogen evolution water splitting systems.† 
Gas phase electrolyteless water splitting 
Material H2 production 
(mmol g
-1
h
-1
) 
Comments Reference 
MoS3⅔ with 10% TiO2 11.09 100 mW cm
-2
 simulated AM 1.5 sun  
light, photocatalytic ink 
This work 
GaN:ZnO (0.19% ZnO) 
co-catalyst Rh2-yCryO3 
3.9 ~100 mW cm
-2 
UV-LED light  
(centre at 367 nm), µ-reactor 
24
 
GaN:ZnO (0.12% ZnO), 
co-catalyst Rh2-yCryO3 
4.4 92 mW cm
-2 
UV-LED light  
(centre at 367 nm), µ-reactor 
29
 
Vapour fed membrane electrolyte based photocatalysis 
Material H2 production 
(mmol g
-1
 h
-1
) 
Light source and intensity Reference 
TiO2 on MWCNT 
photoanode with Pt on 
MWCNT cathode, zeolite 
/ Nafion membrane
Γ
 
4.08 100 mW cm
-2
 simulated AM 1.5 sun light 
30
 
Vapour fed membrane electrolyte based electrolysis 
Material Current density 
(mA cm
-2
) / 
potential (V)
§
 
Comments Reference 
IrRuOx anode, Pt black 
cathode, Nafion 
membrane 
20 /1.7 Modified commercial electrolyser, 
external applied voltage 
31
 
IrOx anode, Pt cathode,  
Nafion membrane 
~5 /2 Microfluidic reactor, external applied 
voltage 
32
 
C Pt mixture on both 
electrodes, Nafion 
membrane 
~5 /NA Modified commercial electrolyser 
operated by triple junction a-Si solar cell, 
100 mW cm
-2
 simulated AM 1.5 sun light 
33
 
†
Note: when comparing different catalysts performance, the illumination source needs to be 
considered. Many reported H2 production rates were conducted using light sources that emit strongly 
in the UV region, leading to much higher H2 production rates then what would be expected under 
simulated solar light. 
Γ
MWCNT abbreviates multiwalled carbon nanotubes. 
§
1 mA cm
-2
 converts to a 
hydrogen production rate of 0.0187 mmol cm
-2
 h
-1
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3.4. Discussion  
We demonstrated the synthesis of highly porous sulphur rich MoS3⅔ utilising a facile and scalable 
acidification-polymerisation route, employing a cationic templating agent. We proceeded to 
characterise the interactions between this inorganic polymer and moist air. It was discovered that 
MoS3⅔ can reversibly bind up to 7% water by weight (0.9 H2O per Mo centre) in ambient conditions, 
which can be released at low temperatures in dry atmospheres. This effect may be utilised to design 
low energy dehumidification devices. Low field NMR studies revealed that the moisture is adsorbed 
as weakly bound surface water, likely utilising van der Waals forces and hydrogen bonding. Raman 
spectroscopy studies revealed that the reversible binding of water molecules likely occurs at the 
shared and bridging disulphide ligands that link the individual Mo centres within the porous and 
branched structure.  
We furthermore observed that the binding of the water molecules had a profound impact on the 
optical and electronic properties of MoS3⅔. When stored under nitrogen, intense luminescence in the 
near infrared region is observed, while a distinct hypsochromic shift and PL quenching occurs upon 
exposure to atmospheric moisture. The observed quenching of PL was attributed to charge transfer 
processes due to van der Waals interactions and hydrogen bonding. The material was found to be 
insulating when exposed to dry conditions, while the adsorption of surface water resulted in markedly 
reduced impedance. This observation was utilised to design moisture sensors, featuring high 
sensitivity and selectivity to H2O at room temperature. 
While these observations are highly relevant on their own, they also have significant implications to 
the field of hydrogen evolution catalysis, which is one of the most prominent applications of 
amorphous molybdenum sulphides. The observed affinity of the bridging and shared disulphide 
ligands towards water molecules implicates their significance to the overall water splitting process. 
Furthermore, the observed dependence of the electronic and optical properties on the amount of 
surface adsorbed water molecules should be considered when characterising this material in the 
future.  
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Finally we developed a photocatalytically-active ink based on sulphur rich MoS3⅔ combined with 
TiO2 nanoparticles, which function as a photosensitiser and co-catalyst. Printed films of this 
composite were found to be catalytically-active in moist atmospheres, without the need of any 
electrolytes or external power sources. While the overall hydrogen production efficiency is lower than 
what is typically observed when using catalysts suspended in electrolytes, the process is surprisingly 
efficient considering that it relies entirely on the here discovered hygroscopic nature of MoS3⅔ as a 
water source. A hydrogen evolution rate of 11.09 mmol g
-1
h
-1
 could be achieved under optimised 
conditions, which also resulted in a much higher efficiency than any previously reported 
photocatalytic gas phase water splitting system. Pending future improvements of the process 
efficiency, electrolyteless photocatalytic water splitting may become an attractive alternative approach 
due to its unique features and simplicity and hence our findings are expected to stimulate further work 
within the field. 
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Chapter 4 
 
 
 
Exfoliation behavior of van der Waals strings: case study 
of Bi2S3† 
 
 
4.1. Introduction 
Chalcogenide semiconductor materials have attracted enormous amount of attention owing to their unique 
size dependent structural and chemical properties.
1-3
  Here, the ability to control the size distribution via 
numerous synthesis technique plays a vital role in modern electronics. As an important semiconductor 
material of the stibnite family,
4
 bismuth sulfide (Bi2S3) has acquired abundant research interest due to 
numerous potential applications for electronic and optoelectronic devices. Bi2S3 is a metal chalcogenide 
crystal which is made of fundamental ‘strings’ that are held together by van der Waals forces.  
 
  The contents of this chapter is published in Dhar et al., ACS Applied materials and interface, 10, 49, 
42603-42611, 2018 
†
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Figure 4.1 Schematic of the Bi2S3 crystal structure: (a) a-b and (b) b-c planes. (c) 
Representation of the crystal with non-covalent bonding lengths indicated 
and the van der Waals bonds, shown by red dotted lines, and their lengths.  
 
The crystalline structure of Bi2S3 (Figure 1) makes it a prime candidate material for investigating the 
agitative production of van der Waals strings.
5-7
 The structure consists of atomic scale strings 
covalently bound along the c-axis. The covalent bonds are significantly stronger than the van der 
Waals forces in the a-b plane (Figure 4.1c). Of these van der Waals forces, the interatomic spacing 
across the b-axis is far larger than the covalent interatomic spacing, leading to facile cleavage of the 
crystalline structure along this axis.
8-9
 
It is hypothesized that the exfoliation of van der Waals strings results in stable ribbons or sheets, 
depending on the nature of van der Waals spacings. These van der Waals spacings vary across the a-b 
plane. Potential vs distance curves can be roughly approximated using the Lennard-Jones potential 
equation, modified for van der Waals strings: 
    [(
  
 
)
  
  (
  
 
)
 
]       (4.1) 
where  is potential well depth, r is the distance between the given pairs, and rm is the distance at 
which the minimum potential is reached.  
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For Bi2S3, the distance between (Bi4S6)n strings is ~3.45Å along one direction and ~3.16Å along the 
other (Figure 4.2). As such, based on the modified Lennard-Jones equation, the absolute minimum 
potential for the short spacing is twice that of the long spacing. Hence, we expect that Bi2S3 may 
exfoliate along both directions, with a higher cleavage rate along the b axis, leading to a high degree 
of anisotropy and the formation of nanoribbons. During the process, it is important to consider the 
power applied during agitation sonication as well as the polarity of the materials in a given solvent, 
which may affect the way the material is exfoliated and the final morphology. 
 
Figure 4.2 Representation of van der Waals force versus distance distribution curve for 
van der Waals (Bi4S6)n strings. 
 
In this work, an agitation exfoliation method is implemented without the use of intercalating 
compounds or solvents which had been used previously.
10-13
 This is to ensure that the exfoliation 
occurs solely as the result of sonication energy along the van der Waals spacings, and not due to any 
chemical reactions. The assumption that Bi2S3 agitation exfoliation results in ribbons is based on the 
calculated interatomic force curves shown in Figure 4.2, where the total attractive force in the wider 
van der Waals spacings is approximately half that of the shorter van der Waals spacings. Therefore, 
while the bulk material can be broken along both van der Waals spacings, the forces needed to break 
these inter-string van der Waals bonds are quite different. As a result, breakages occur more 
88 
frequently along the 3.45 Å vdW gaps when compared with the 3.16 Å gaps, forming nanoribbons 
rather than atomically thin strings. The covalent bonds along the c-axis are expected to be too strong 
to be efficiently broken through ultrasonication. For longer exfoliation times, Bi2S3 derivatives such as 
Bi2O2S were generated in the presence of oxygen. The exfoliated nanoribbons are characterized to 
investigate their structure, stoichiometry and morphological properties. The ribbon nanostructures 
were explored as an optical biosensing platform, where bovine serum albumin (BSA) is used as a 
model protein.  
4.2. Experimental section 
4.2.1. Materials 
Bi2S3 powder (99.99%) was purchased from Strem Chemicals Inc. NMP and absolute ethanol 
(>99.5%) and BSA powder (99%) were purchased from Sigma Aldrich. All the raw materials along 
with the chemicals were used directly without any additional purification. 
4.2.2. Preparation 
In the liquid exfoliation process, 0.2 g of Bi2S3 powder was ground for 10 min by hand using a mortar 
and pestle and then solubilized in 10 mL of NMP by stirring magnetically for 10 minutes. The 
exfoliation of Bi2S3 sample was carried out using a high power probe sonication process with a 
Qsonics 500 W sonicator. Various sonication times (0.5-3.5 h with 1 h interval each) were introduced 
in order to observe the exfoliation process of Bi2S3 at a constant applied power of 125 W. This 
sonication power led to a final sample temperature of 120 °C for the longest experimental time. The 
solution was then extracted by centrifugation at 250 RCF for 1 hr. The precipitant was discarded to 
remove the residuals and unreacted bulk Bi2S3. This washing step was repeated for one more time. 
The final outcome was exfoliated nanoribbons in NMP solution (Figure 4.3). 
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Figure 4.3 Illustration of exfoliated nanoribbons suspensions at various sonication times. 
From left to right: 0.5, 1.5, 2.5 and 3.5 hr sonication duration.  
 
BSA solution was prepared by first preparing 1.5 µM L
-1 
BSA in ethanol via magnetic stirring for 
10 min. Other concentrations of BSA were prepared via dilution of this solution with DI water.  
4.2.3. Characterization 
The microstructures and morphologies of the exfoliated Bi2S3were characterized using TEM on a 
JEOL 1010 TEM and HRTEM on a JEOL 2100F with accelerating voltages of 100 keV and 200 keV, 
respectively. TEM samples were prepared via drop casting of diluted solutions onto the TEM grid 
(Proscitech lacey carbon on Cu grid). The samples were diluted until good dispersion of the 
nanoribbons on the grid was achieved. Hence, lateral dimensions of Bi2S3 nanoribbons were 
determined. The thickness of the nanoribbons was determined by AFM using a Bruker Dimension 
Icon in peak-force tapping mode. XPS analysis carried out on a Thermo Scientific K-alpha instrument 
Spectrometer with a monochromatic Cu Kα radiation source (λ = 1.5406 Å). The Raman and PL 
spectra were collected using a Horiba Scientific LabRAMHR evolution system, with an excitation 
wavelength of 532 nm with and exposure time of 5 s. Optical characterization such as ultra UV-vis 
absorption spectroscopy was conducted using a Cary 500 spectrometer. The XRD patterns of the 
exfoliated samples were collected using a Bruker D4 Endeavor with Cu Kα radiation of 1.5406 Å. 
Analysis of biosensing potential was performed on the same Raman & PL spectroscopy system via 
the addition of BSA solution in-situ on a Si substrate. 1 mL of BSA solutions with concentrations 
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varying from           to          M mL−1 was each incubated with 0.1 mL of the Bi2S3 
nanoribbon suspension (sample sonicated for 1.5 h) for 1.5 h. 
4.3. Results and discussion 
4.3.1. Structure and morphology 
The morphology of the exfoliated samples obtained from different sonication times was investigated 
using transmission electron microscopy (TEM). The samples were obtained after 0.5, 1.5, 2.5 and 3.5 
h of exfoliation in N-methyl-2-pyrrolidone (NMP) using a probe sonicator at 125 W of power as 
described in the experimental section. The resulting suspensions are presented in Figure 4.3. 
Figure 4.4a-d depict the typical TEM images of the sonicated Bi2S3, revealing that the obtained 
samples consist of nanoribbon structures. It is evident from the images that the exfoliation time has a 
profound impact on the synthesis and growth behaviour of the nanoribbons. When the sonication time 
was 0.5 h, the lengths of nanoribbons were found to be in the range of 0.25 to 1.75 µm (Figure 4.4a 
and e) with the initial dimensions of the mother bulk particles governing the length of the longer 
nanoribbons. As the sonication duration increased to 1.5 h, a reduction in length was observed due to 
the breakage of ribbons (Figure 4.4b and f). Interestingly, after a longer sonication time (2.5 h) the 
nanoribbons were slightly elongated, and after 3.5 h of sonication nanoribbons of up to tens of µm in 
length were observed (Figure 4.4c, d).  
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Figure 4.4 Representative TEM images of the exfoliated Bi2S3, for (a) 0.5 h, (b) 1.5 h, (c) 
2.5 h and (d) 3.5 h sonication times. Length and width distribution histograms 
obtained from TEM analysis of the exfoliated nanoribbons, sonicated for (e, i) 
0.5 h, (f, j) 1.5 h, (g, k) 2.5 h and (h, l) 3.5 h (data for the size distribution was 
collected from at least 65 ribbons for each sample). 
 
The widths of the exfoliated nanoribbons were also assessed using TEM analysis (Figure 4.4i-l). In 
the case of the shortest exfoliation time of 0.5 h, the widths of the nanoribbons were in the range of 
17-43 nm. This range increased with the exfoliation duration, reaching the band of 1 to 60 nm in the 
size histogram for 3.5 h sonication. Moreover, the width and length of nanoribbons were characterized 
using atomic force microscopy (AFM) analysis (Figure 4.5) and were in a good agreement with the 
TEM analysis. The representative TEM images of the exfoliation process after 15 min and 1 h are 
shown in the Supporting Information (Figure 4.6). The changes of morphologies follow the same 
trends for 0.5, 1.5, 2.5 and 3.5 h exfoliation duration and as such are not presented for brevity. 
We assume that the solvent, NMP, plays a vital role in the formation of the nanoribbons. The 
formation of uniform Bi2S3 nanoribbons defines that NMP efficiently exfoliates and stabilizes the 
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surface of the nanoribbons up to the duration of 1.5 h. However, the increase in length of nanoribbons 
is a sign of a secondary growth mechanism. 
Ostwald ripening of Bi2S3 may occur when the ion product of Bi
3+
 and S
2-
 deviates from zero in the 
presence of Bi2S3 seeds.
14-15
 Since bismuth sulfide adopts a van der Waals string structure, any 
Ostwald ripening process is expected to lead to string elongation, since any growth can be expected to 
preferentially occur along the c-axis due to the higher reduction in free energy associated with the 
formation of covalent bonds compared to van der Waals bonds. Considering that similarly oxides of 
bismuth can also form when Bi
3+
 is present in the solution, more characterizations are required to 
explain the full picture growth of nanowires in length after 1.5 h. To test the hypothesis that Ostwald 
ripening is primarily responsible for the elongation of the nanoribbons, 3.5 hour exfoliations were 
conducted while cooling the NMP solution in an ice bath and in a second experiment while providing 
an oxygen free environment. The experiment involving cooled solutions was conducted, since 
prolonged probe ultrasonication leads to a significant increase in solvent temperature (up to 100 °C). 
The solubility product of compounds in a given solvent increases with temperature and as a result, the 
application of an ice bath is expected to lead to reduced nanoribbon length due to suppressed Ostwald 
ripening. TEM analysis of the low temperature exfoliated Bi2S3 revealed an average ribbon length of 
only 140 nm, confirming our hypothesis (Figure 4.7). The second experiment involving the inert 
environment led to an average ribbon length of 1.4 µm, which was similar to the average observed 
ribbon length of the conventional experiment. However, nanoribbons with very long length were not 
observed in the inert atmosphere experiment, highlighting that oxidation together with Ostwald 
ripening may play role in the elongation process. Oxidation is hypothesized to lead to a higher 
solubility product of the solubilized ribbon constituents. 
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Figure 4.5 Representative AFM images of the exfoliated Bi2S3, for (a) 0.5 h, (b) 1.5 h, (c) 
2.5 h and (d) 3.5 h sonication times. Length and width distribution histograms 
obtained from AFM analysis of the exfoliated nanoribbons, sonicated for (e, i) 
0.5 h, (f, j) 1.5 h, (g, k) 2.5 h and (h, l) 3.5 h (data for the size distribution was 
collected from at least 65 ribbons for each sample). 
 
Figure 4.6 Representative TEM images of the exfoliated Bi2S3 nano string (a) 15 min and 
(b) 1 h respectively. 
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Figure 4.7 Representative TEM images of the exfoliated Bi2S3, for (a) in ice bath, (b) in 
inert (Ar) environment and (c) in air for longest exfoliation time (3.5 h). 
Length distribution histograms obtained from TEM analysis of the exfoliated 
nanoribbons are presented as well (data for the size distribution was collected 
from at least 60 ribbons for each sample). 
 
The surface morphologies and thicknesses of the ribbons at different exfoliation times were studied 
using AFM analysis (Figure 4.8). Ribbon morphologies in the images are in agreement with the 
morphologies seen in TEM images. The observed thickness of the nanoribbons is dependent upon the 
process duration, trending towards lower values of the distribution range for longer sonication. The 
height profiles indicate that the nanoribbons have a typical thickness varying from 1.2 to 7.5 nm 
exhibiting major height distribution at ∼2 nm after 0.5 h of sonication (Figure 4.8e). The upper band of 
the thickness profile reduces when the sonication duration increases (3.5 h), decreasing to 5.0 nm with 
a prominent height distribution at ~3 nm. The minimum thickness is in agreement with the lattice 
parameters of a = 11.193Å and b = 11.345Å for Bi2S3,
16
 evidencing that some of the ribbons are 
thinned down to the minimum possible parametric limits via the sonication process. 
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Figure 4.8 Representative AFM images with corresponding height profile (insets) and 
thickness distribution histograms calculated from AFM analysis of the 
exfoliated nanoribbons, sonicated for (a & e) 0.5 h, (b & f) 1.5 h, (c & g) 2.5 
h, and (d & h) 3.5 h (data for the distribution was collected from at least 50 
nanoribbons in each case. 
 
High-resolution TEM (HRTEM) images are shown for sonication times of 1.5 and 3.5 h, respectively 
(Figure 4.9). The exfoliated nanoribbons are highly crystalline in the case of 1.5 h. A single-crystal 
structure of a thin nanoribbon with well-resolved (130) crystal plane with an inter-planar spacing of 
3.52Å parallel to the axis of the ribbon can be seen in Figure 5a in agreement with previous reports.
17
 
It can be observed that the selected area electron diffraction (SAED) patterns of nanoribbons are well-
ordered (Figure 4.9a inset) containing arranged diffraction spots that are indicative of a single crystal.  
On the contrary, as exfoliation time was increased to 3.5 h, the observed crystal planes become less 
ordered with nanoribbon populations featuring an additional inter-planar spacing of 3.21Å (Figure 
4.9b) emerging. It is possible that longer sonication time caused sulfur deficiency and then thermal 
oxidation of Bi2S3 into bismuth sulfoxides such as Bi4O4S3 or Bi2O2S.
18-20
 This hypothesis is 
supported by the observed d-spacing in Figure 4.9b, which correlates with the (102) plane of Bi2O2S. 
The elongation of the ribbons can be rationalized through the renucleation of the dissolved Bi and S 
and their ribbon like growth due to the Ostwald ripening. Additionally, the atomic arrangement on the 
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edge of the exfoliated Bi2S3 was analyzed demonstrating dominant inter-planar spacings of 3.53Å and 
3.21Å under 1.5 and 3.5 h exfoliation times respectively (Figure 4.10), indicating that for longer 
exfoliation times the formation of sulfoxides may occur at the ribbon-edges.      
 
Figure 4.9 HRTEM images and SAED patterns (insets) of (a) 1.5 h and (b) 3.5 h samples 
with crystalline spacings indicated. 
 
Figure 4.10 Representative HRTEM images of the exfoliated Bi2S3 nano string at the 
edge (a) 0.5 h, (b) 1.5 h, (c) 2.5 h and (d) 3.5 h respectively. 
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X-ray diffraction (XRD) was utilized to further characterize the crystallinity of the synthesized 
nanoribbons. Figure 4.11a presents the XRD diffractograms of the bulk and exfoliated samples. The 
diffraction peaks of bulk Bi2S3 can be indexed to its orthorhombic crystal structure (JCPDS 17-0320). 
The nanoribbons still feature major contributions from (130), (211), (240), and (432) planes of 
orthorhombic Bi2S3, while exfoliated for 0.5 h. Similar diffraction planes are observed as the 
exfoliation time was increased to 3.5 h as shown in Figure 4.10a, with several additional peaks arising 
that are associated with the formation of Bi2O2S.
19
  
  
Figure 4.11 (a) XRD patterns of sonicated and bulk materials with the major peaks 
corresponding to Bi2S3 indexed (JCPDS 17-0320) (b) Raman spectra of 
samples with Bi2S3 phonon peaks indicated. The spectra are normalized 
to the Ag phonon mode. All data has been normalized and offset for 
ease of comparison.  
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Raman spectroscopy studies (Figure 4.11b) were carried out in order to further validate the 
composition of the exfoliated samples. The observed Raman spectra for bulk Bi2S3 and exfoliated 
nanoribbons have some common feautures, with shifts observed at longer sonication times. The 
observed two major peaks located within the range of 100–400 cm−1are the features for Bi2S3.
21
 The 
transverse Ag peaks occur at 235 cm
−1
, while the longitudinal B1g vibrations are at 267 cm
−1 
for the 
bulk sample.
22
 For the sonicated samples, B1g vibrations peak drops below 263 cm
−1
, reaching a 
minimum of 260 cm
-1
 for 3.5 h of sonication. No consistent shift for Ag peak is seen. This indicates 
that the longitudinal vibrations are altered as the exfoliation time is increased due to association with 
the Ostwald ripening and progressive replacement of sulfur atoms with oxygen.  
Evaluation of the composition of exfoliated Bi2S3 samples were assessed by X-ray photoelectron 
spectroscopy (XPS) as is shown in the Supplementary Information (Figure 4.12). The binding energy 
region of the bulk Bi2S3 sample and exfoliated samples are determined between 155 and 175 eV. For 
bulk Bi2S3, two strong peaks in bismuth region are located at binding energies of 164.66 and 
159.36 eV that can be assigned to Bi 4f7/2 and Bi 4f5/2 states, respectively, while the S 2p doublet 
inside the Bi 4f doublet gap is seen. The peak in sulfur region was at binding energy of 162.16 eV 
corresponds to S 2p transition. In the case of exfoliated samples, two strong peaks in bismuth region 
are at 164.48 and 159.38 eV, while the sulfur region is located at the binding energy of 164.58 eV. A 
sulfate peak (above 168 eV) is observed for the exfoliated samples with increasing intensity being 
associated with extended exfoliation time.  
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Figure 4.12 XPS binding energy for (a) exfoliated samples and bulk Bi2S3 with electron 
orbitals of Bi and S indicated, (b) exfoliated samples with electron orbitals of 
O 1s indicated. All data has been normalized and offset for ease of 
comparison. 
 
The formation of sulfate ions originates from the removal of sulfur atoms from the lattice which 
oxidize to form sulfate moieties that may adsorb to the surface of the nanoribbons. The O 1s peak 
around 530 eV is shown in the Figure S8. As no initial surface etching was applied, the O 1s peak also 
exists for the sulfur rich sample. The peak increases after the sonication which is also in agreement 
with the XRD and SAED observations that oxygen emerges in the crystal of the elongated 
nanoribbons after longer sonications. Moreover, in order to confirm the presence of oxygen atom 
EDX analysis was carried out. It was found that for lower exfoliation time (up to 1.5 h) a negligible 
amount of oxygen (less than 5%) was observed (Table 4.1). However, as the exfoliation time was 
increased, a drastic increase in oxygen atom was observed. In case of longest exfoliation time up to 
59.52% oxygen was observed as presented in Table 4.1. This finding is consistent with the formation 
of Bi2O2S during prolonged exfoliation. The higher than expected oxygen concentrations occur due to 
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the formation of sulfate ions originating from sulfur atoms that have been removed from the bulk 
Bi2S3 lattice, which is consistent with the XPS data. Additionally, Bi2S3 was also exfoliated under 
inert environment (Ar gas) for the longest investigated exfoliation time (3.5 h). The exclusion of 
oxygen led to small amounts of oxygen (~7%) being detected within the sample (Figure S9), which 
confirms that in inert environments Bi2S3 does not convert into Bi2O2S. The presence of the observed 
residual oxygen in the inert atmosphere experiment could be attributed to surface adsorbed oxygen 
and oxygen from the substrate that was used during analysis.  
Table 4.1Composition ration of exfoliated Bi2S3 van der Waals strings at different exfoliation times. 
Exfoliation time Bi (%) S (%) O (%) 
0.5 h 39.1 59.5 1.4 
1.5 h 39 58.1 3.7 
2.5 h 16.68 39.92 43.4 
3.5 h 11.05 29.43 59.52 
 
 
4.3.2. Optical characterizations  
The optical properties of the exfoliated samples were explored by UV–Vis absorption spectroscopy. 
Figure 4.13a presents the UV–Vis spectra of the nanoribbons exfoliated at different sonication times. 
The direct bandgap (Eg) of the exfoliated semiconducting Bi2S3 nanoribbons for the shortest 
exfoliation period (0.5 h) is found to be at 2.75 eV. The estimated bandgap energy is in good 
agreement with the previous studies reported elsewhere.
23
 A decrease in the bandgap energy is 
observed when the sonication time increases. This decrease is likely due to the insertion of the oxygen 
atoms during the agitation growth of the ribbons and the formation of Bi2O2S, which has a lower 
bandgap (1.12 eV) in comparison with Bi2S3 (1.3 eV) 
24
 Diversions from the bulk bandgaps are 
associated with quantum confinement.  
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Figure 4.13 Optical analysis of the sonicated nanoribbons exfoliated at different time 
durations. (a) UV-vis absorption spectra of exfoliated samples. (b) PL 
spectra of the samples.  
 
Photoluminescence (PL) measurements of exfoliated nanoribbons are carried out at room temperature 
with 532 nm laser excitation as presented in Figure 4.13b. For the shortest exfoliation time (0.5 h), the 
PL spectrum consists of a main peak at 946 nm that is similar to that of generally seen in Bi2S3 
semiconductors.
25
 However, the emission from the exfoliated Bi2S3 for 1.5 h shows a new peak 
centred at 685 nm along with the initial main peak, which seems to be shifted to ~900 nm. Ota et al. 
reported similar energy luminescence peaks from Bi2S3 nanotubes.
26
 It has been reported that crystal 
defects such as sulfur vacancies create deep trap states that provide alternative recombination 
pathways for excitonic recombination and shallowly trapped electron–hole pairs, resulting in the 
observed PL.
27-29
 At 2.5 h sonication the low energy peak is more blue-shifted and eventually this 
peak is reduced significantly in intensity for the 3.5 h sample, possibly due to the insertion of oxide 
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atoms. Altogether, significant changes are observed for the PL of samples sonicated at different 
durations, which shows the substantial impact of the sonication time on the PL spectra and how these 
spectra can be readily tuned. Besides, in case of longer exfoliation time crystal defects such as sulfur 
vacancies due to thermal oxidation create deep trap states that provide alternative recombination 
pathways for excitonic recombination and shallowly trapped electron–hole pairs, likely resulting in 
the variation of the observed PL. Any differences between the peak trends in the UV-vis and PL data 
sets may be attributed to solvent effects, since the PL data was collected on drop cast samples.  
4.3.3. Bio-sensing  
In order to show one of the functionalities of Bi2S3 van der Waals nanoribbons, their applications in a 
model biosensing is presented. This is to show how the PL of semiconducting Bi2S3 nanoribbons, 
together with their very high surface-to-volume ratio, make a highly sensitive biosystem. 
Herein BSA was used as a model protein. It has been reported that BSA has a very high affinity to 
exfoliated metal compounds and is readily immobilized on the flake surfaces via interactions between 
the surface of flakes and the protein’s functional groups.30-32 In the case of semiconducting Bi2S3, the 
negatively charged immobilized BSA proteins lend their electrons to nanoribbons, resulting in the 
alteration of electronic properties. 
The PL emissions of the 1.5 hour exfoliated Bi2S3 (median length: 280 nm, median width: 24 nm and 
median thickness: 2.8 nm) were investigated after exposure to different concentrations of BSA. Upon 
exposure to BSA, the emission peak experiences a hypsochromic shift (Figure 4.14a, 4.14c). 
Additionally, the PL intensity of the exfoliated Bi2S3 nanoribbons demonstrates significant quenching 
when exposed to BSA solution, even at concentrations as low as 1.5 nM mL
-1
 as presented in Figure 
4.14a. The PL intensity with respect to BSA concentration is presented in Figure 4.14b which shows 
incremental quenching in the PL intensity with the incremental BSA concentrations. 
The peak emission prior to BSA exposure is observed at 695 nm (first peak) and 900 nm (second 
peak). However, these peaks were observed to blue shift incrementally. The quenching of the PL, 
along with the shift of the luminescence, indicates that exposure to BSA considerably alters the 
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electronic properties of the material. The sensitivity is remarkably high. The peak at 900 nm appears 
to be much more sensitive than 695 nm peak showing 65% reduction in the PL intensity and also 17 
nm shifts after the exposure to a BSA concentration as small as 0.1 nM L
-1
. The quenching 
particularly reveals that a significant charge transfer from the BSA to the surface of the Bi2S3 
nanoribbons takes place.  
 
Figure 4.14 (a) PL emissions of the exfoliated Bi2S3 nanoribbon based biosensor for 
different BSA concentrations (1.5 nM mL
-1
 and 1.5 µM mL
-1
). (b) PL 
intensity with respect to varying BSA concentrations relative to the 
initial (no BSA) state. (c) Shift in peak position with respect to different 
BSA concentrations relative to the initial state.  
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Finally, we would like to investigate the exfoliation behavior of another typical van der Waals string 
crystal to confirm the observed behavior as being applicable in general. To facilitate this 
investigation, we exfoliated Sb2S3. Sb2S3 also generated nanoribbons after 0.5 h of exfoliation as 
presented in Figure 4.15, highlighting that the observed nanoribbon formation can be generalized to 
multiple van der Waals string crystals, leading to unique outcomes when compared with two 
dimensional van der Waals compounds. 
 
Figure 4.15 Representative TEM image of the exfoliated Sb2S3 for 0.5 h exfoliation time. 
 
4.4. Conclusion 
In summary, we demonstrated agitation sonication as a facile liquid exfoliation process of Bi2S3 van 
der Waals strings to synthesize nanoribbons of bismuth compounds. The anisotropy of the crystal, due 
to the van der Waals spacings between string constituents, favored the formation of these atomically 
thin nanoribbons. The morphological, structural and optical properties of the synthesized samples 
were thoroughly investigated with regards to different exfoliation durations, leading to the conclusion 
that the sonication time has a significant influence on the length and elemental composition of the 
exfoliated nanoribbons. For up to 2.5 h of sonication, mostly stoichiometric nanoribbons were 
achieved, while at the longer sonication time of 3.5 h oxygen elements started to emerge in the 
compound and the elongation of the nanoribbons was observed. Finally, the biosensing capability of 
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the exfoliated Bi2S3 nanoribbons, at very low detection limits, was demonstrated using BSA. 
Significant changes in both PL intensity and peak position were observed, indicating substantial 
modulation in the electronic properties of the material upon exposure to BSA.  
The manuscript provides fundamentals for understanding the effect of spacing for the exfoliation of 
van der Waals strings. Modified Lennard-Jones potential for the crystal strings governed the short 
term exfoliation behavior, while Ostwald ripening occurred after longer agitation time. The work 
delivers the base that can be applied for exfoliation of a large class of crystals made from one 
dimensional entities and exploration of the type of structures can be obtained ranging from 
nanoribbons to nanosheets. These exfoliated materials may be starkly different from their bulk 
counterparts, providing many opportunities for creating new systems with enhanced optoelectronic 
properties. 
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Chapter 5 
 
 
 
Growth behaviour of exfoliated Bi2Se3 
 
 
5.1. Overview 
Layered materials and van der Waals string type compounds have gained significant attention in 
recent years owing to their interesting properties that arise after being exfoliated into their 
fundamental building blocks. Single and few layer thick materials are well known to feature distinct 
properties from their bulk counterparts. The layered material Bi2Se3 recently rose to prominence due 
to research that focuses on its twisted, non-trivial topological properties. Here, the “single Dirac 
cone”, a unique feature in the electronic band structure of Bi2Se3 facilitates the exploration of unique 
quantum phenomena associated with time reversal protected surface states, while the bulk bandgap of 
Bi2Se3 (0.3 eV) is one of the largest among the known topological insulators, which may ultimately 
enable room temperature applications.
1-3
 Additionally, exploring the effects of quantum confinement 
for low dimensional layered materials is receiving continuous attention, where physical confinement 
of the materials into the few nanometer regime (low dimensional films) leads to pronounced 
electronic confinement (splitting of spin orbits into quantum confined states in the conduction band).
4-
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5
 Several research groups have investigated nanostructures of Bi2Se3 having identified that the 
increased surface-to-volume ratios that are associated with the reduction of the bulk material towards 
the nanometric regime opens various further possibilities for probing and exploiting surface states.
4, 6-7
 
Due to the large surface area to volume ratio, further possible applications in catalysis and sensing 
arise. The expected opening of the bandgap due to quantum confinement effects may also shift the 
optical absorption edge towards the visible spectrum, leading to opportunities for optoelectronics and 
optical sensing. As such the importance of electronic properties after quantum confinement needs 
further investigation, particularly with a view towards optoelectronic applications.  
Bi2Se3 can crystallize in two polymorphs, one featuring two dimensional sheets, and the other 
featuring a 1D van der Waals string structure that is closely related to the Bi2S3 structure. Both of 
these polymorphs may be exfoliated using ultrasonic agitation, while the high energy provided during 
the sonication process may potentially also induce phase transitions from one to the other. Hence, the 
investigation of liquid phase exfoliation of the Bi2Se3 system is intriguing with regards to whether the 
2D or 1D polymorph will dominate the product.  
In this work an agitation exfoliation method is implemented without the use of intercalating 
compounds or solvents which had been used previously, but may interfere with the intended 
applications in sensing.
8-10
 The evolution of the electronic properties of the exfoliated Bi2Se3 with 
increasing degree of exfoliation is also carried out herein. The degree of bandgap opening within the 
few-layer regime due to quantum confinement effects is also explored. The exfoliated nanostructures 
are characterized to investigate their crystal structure, stoichiometry and morphological properties. It 
is reported that the exfoliation time significantly affects the electronic properties of Bi2S3 such as the 
bandgap and the degree and emitted photon energy of photoluminescence. Finally, the nanostructures 
were explored as an optical biosensing platform, where bovine serum albumin (BSA) is used as a 
model protein.  
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5.2. Methods 
5.2.1. Materials 
Bi2Se3 powder (99.99%) was purchased from Sigma Aldrich. NMP and BSA powder (99%) were also 
purchased from Sigma Aldrich. All chemicals were used directly without additional purification. 
5.2.2. Preparation of colloidal Bi2S3 nanostructures 
During the liquid exfoliation process, 0.2 g of Bi2Se3 powder was dispersed in 10 mL of N-methyl-2-
pyrrolidone (NMP) via magnetic stirring for a duration of 5 minutes. The exfoliation of the Bi2Se3 
bulk sample was then carried out using a high-power probe sonication process utilizing a Qsonics 500 
W sonicator. Various sonication times (0.5, 1.0 and 1.5 h) at a constant applied power of 125 W were 
explored in order to observe the exfoliation process of Bi2Se3. The suspension was then processed via 
centrifugation at 250 relative centrifugal force (RCF) for 1 hr. The precipitant was discarded to 
remove residual bulk Bi2Se3. This step was repeated one further time to ensure the complete removal 
of the bulk material. The supernatant was the final exfoliated dispersion containing the Bi2S3 
nanostructures which were then explored.  
BSA solution was prepared by first preparing 1.5 µM L
-1 
BSA stock solutions in water via magnetic 
stirring for 10 min. Other concentrations of BSA were prepared via dilution with deionized (DI) 
water.  
5.2.3. Characterization 
The microstructures and morphologies of the exfoliated Bi2Se3 nanostructures were characterized 
using TEM on JEOL 1010 TEM and HRTEM on a JEOL 2100F instruments with accelerating 
voltages of 100 keV and 200 keV, respectively. TEM samples were prepared via drop casting of 
diluted solutions onto TEM grids (Proscitech lacey carbon on Cu grids). The samples were diluted 
until a good dispersion of the nanostructures on the grid was achieved. Lateral dimensions of Bi2S3 
nanostructures were determined through TEM analysis. The thickness of the nanostructures was 
determined by AFM using a Bruker Dimension Icon in peak-force tapping mode. The Raman and PL 
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spectra were collected using a Horiba Scientific LabRAMHR evolution system, with an excitation 
wavelength of 532 nm using an exposure time of 5 s. Optical characterization such as UV-vis 
absorption spectroscopy was conducted using a Cary 500 spectrometer. The XRD patterns of the 
exfoliated samples were collected using a Bruker D4 Endeavor with Cu Kα radiation of 1.5406 Å. 
Analysis of biosensing potential was performed on the same Raman & PL spectroscopy system 
described above via the addition of BSA solution in-situ on a Si substrate. 1 mL of BSA solutions 
with concentrations varying from           to          M mL−1 was each incubated with 0.1 
mL of the Bi2Se3 nanostructures suspension (sample sonicated for 1.5 h) for 1.5 h. 
5.3. Results & discussion 
5.3.1. Structure and morphology 
The morphology of the exfoliated samples obtained from different sonication times was investigated 
using transmission electron microscopy (TEM). An optical photograph of the resulting suspensions of 
the exfoliated nanosheets (details are provided in methods section) are presented in the figure 5.1. 
 
Figure 5.1 Illustration of exfoliated Bi2Se3 nanosheets using various exfoliation times 
 
Figure 5.2a-c depicts the typical TEM images of the sonicated Bi2Se3 nanostructures. It can be 
observed that nanosheets like structures of Bi2Se3 materials were obtained after the exfoliation. 
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However, presence of a small amount of quantum dot like material debris is also visible (Figure 5.2). 
It is evident from the images that the exfoliation time has a profound impact on the synthesis and 
exfoliation behaviour of the nanosheets. When the sonication time was 0.5 h, the lengths of 
nanosheets are found to be in the range of 0.1 to 1.25 µm (Figure 5.2a and d) with the initial 
dimensions of the bulk precursor particles governing the maximum length of the larger structures. 
Here, the majority of the nanosheets feature a length of around 0.6 µm. Furthermore, from Figure 5.2a 
it can be noticed that the nanosheets tend to have agglomerated randomly. As the sonication duration 
is increased to 1 h, a reduction in length is observed due to the increasing fragmentation of nanosheets 
(Figure 5.2b and e). The observed sheet length for 1 h exfoliation time range from 0.1 to 0.5 µm with 
an average length of approximately 0.25 µm (Figure 5.2e). When the exfoliation time reaches 1.5 h, a 
further decrease in the length of the nanosheets is observed, resulting in a size range of 0.08 to 0.3 
µm, with most of the nanostructures being around 100 nm wide. Interestingly, after 1.5 h of 
exfoliation time the aggregation behavior of the nanosheets changed and they present as segregated 
nanosheets.  
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Figure 5.2 Representative TEM images of the exfoliated Bi2Se3, for (a) 0.5 h, (b) 1 h and 
(c) 1.5 h sonication times. Length distribution histograms obtained from TEM 
analysis of the exfoliated nanostructures; sonicated for (d) 0.5 h, (e) 1 h and (f) 
1.5 h (data for the size distribution was collected from at least 65 nanosheets 
for each sample). 
 
The surface morphologies and thicknesses of the exfoliated nanosheets at different exfoliation times 
were studied using AFM analysis (Figure 5.3). The morphologies of the nanosheets in the images are 
in a good agreement with the morphologies seen in TEM images. The observed thickness of the 
nanosheets is dependent upon the process duration, trending towards lower values of the distribution 
range for longer sonication. The height profiles indicate that the nanoribbons have a typical thickness 
varying from 4 to 12.5 nm exhibiting major height distribution at ∼10 nm after 0.5 h of sonication 
(Figure 5.3e). The upper band of the thickness profile reduces when the sonication duration increases 
(1.5 h), decreasing to 4.7 nm with a prominent height distribution at ~3.5 nm. The minimum thickness 
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is in agreement with the lattice parameters of a = 4.139 Å and c = 28.63 Å for the layered Bi2Se3 with 
rhombohedral crystal structure, suggesting that the layered polymorph has been obtained and that a 
large number of the nanosheets are thinned down to the minimum possible parametric limits via the 
sonication process. 
 
Figure 5.3 Representative AFM images with corresponding height profile (insets) and 
thickness distribution histograms calculated from AFM analysis of the 
exfoliated nanoribbons, sonicated for (a & d) 0.5 h, (b & e) 1 h and (c & f) 
1.5 h (data for the distribution was collected from at least 50 nanoribbons in 
each case). 
 
High-resolution TEM (HRTEM) images are shown for sonication times of 0.5 and 1.5 h, respectively 
(Figure 5.4). The exfoliated nanosheets are highly crystalline in the case of 0.5 h. A single-crystaline 
structure of a thin nanosheet with well-resolved (012) crystal plane with an inter-planar spacing of 2.3 
Å parallel to the axis of the nanosheet can be seen in Figure 5.4a, which is in agreement with previous 
reports.
11
 It can be observed that the selected area electron diffraction (SAED) patterns of the 
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nanosheets are well-ordered (Figure 5.4a inset) containing arranged diffraction spots that are 
indicative of high crystallinity. As exfoliation time was increased to 1.5 h, the observed crystal planes 
become more ordered (crystalline) in nature. Here, nanosheet populations featuring an additional 
inter-planar spacing of 2.2 Å (Figure 5.4b) emerging with a well-resolved (010) crystal plane.  
 
Figure 5.4 HRTEM images and SAED patterns (insets) of (a) 0.5 h and (b) 1.5 h samples 
with crystalline spacings indicated. 
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Figure 5.5 (a) XRD patterns of sonicated and bulk materials with the major peaks 
corresponding to Bi2Se3 indexed (JCPDS 33-0214) (b) Raman spectra of 
samples with Bi2Se3 phonon peaks indicated. The spectra are normalized 
to the Ag phonon mode. All data has been normalized and off-set for ease 
of comparison. 
 
X-ray diffraction (XRD) was utilized to further characterize the crystallinity of the synthesized 
nanosheets. Figure 5.5 presents the XRD diffractograms of the bulk and exfoliated samples. The 
diffraction peaks of bulk Bi2Se3 can be indexed to its pure layered rhombohedral crystal structure 
(JCPDS 33-0214).  
Raman spectroscopy studies (Figure 5.5 b) were carried out in order to further validate the 
composition and phase of the exfoliated nanosheets. The observed Raman spectra for bulk Bi2Se3 and 
exfoliated nanoribbons have some common features with no major changes. The observed peaks 
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located within the range of 100–400 cm−1 are the features for Bi2Se3.
12
 The transverse Ag
1
 and Ag
2
 
peaks occur at 72 cm
−1
 and 174 cm
−1
 respectively, while the longitudinal Eg
2
 vibrations are at 132 
cm
−1 
for the bulk sample.
13
 For the sonicated samples, similar transverse and longitudinal phonon 
modes are observed as reported in previous studies.
14-15
 No consistent shift for the peaks are seen.  
5.3.2. Optical characterizations 
The optical properties of the exfoliated samples were explored by UV–Vis absorption spectroscopy. 
Figure 5.6 represents the UV–Vis spectra of the nanoribbons exfoliated at different sonication times. 
It is evident from figure 5.6a that each of the absorbance spectra is relatively (featureless) at the low 
energy spectrum, while bandgap features emerge at the high energy region. The direct bandgap (Eg) of 
the exfoliated semiconducting Bi2Se3 nanosheets for the shortest exfoliation period (0.5 h) is found to 
be at 2.75 eV. As the exfoliation time was increased from 0.5 h to 1.5 h, an increase in the bandgap 
has been observed. In the case of 1.5 h exfoliation time the bandgap energy is found to be 2.89 eV. 
The bandgap of bulk Bi2Se3 has been reported to be 300 meV.
16-17
 Exfoliation of layered materials via 
sonication naturally results in nanosheets featuring varying degrees of exfoliation. As such the 
observed bandgap arises due the combination of different populations that feature varying bandgaps. 
To study this further, cascade centrifugation was applied, where different centrifugation speeds are 
utilized to narrow down and separate different particle size populations (312, 625, 1250, 2500 RCF). 
The UV-Vis measurements were repeated for the samples after each centrifugation step. As the 
centrifugation speed is increased, (Figure5.6b) features in the low energy spectrum are diminished 
almost completely, indicating that larger particles are responsible for photo-absorbance in this spectral 
area. The high energy portion of the spectrum remained unaltered throughout the centrifugation 
process. The condensed view (Figure 5.6b) highlights that for the highest centrifugation speed (2500 
RCF) the bandgap opens to an energy of ~2.89 eV, which is similar to the determined bandgap of the 
longest sonication time. This finding highlights that nanosheets of varying size, and as a result varying 
degrees of quantum confinement, are present in all samples, and that the changes in optical 
appearance and spectrum between the samples isolated suing different sonication times are due to 
incomplete exfoliation. The findings also confirm that Bi2Se3 nanosheets exhibit significant gap 
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opening due to quantum confinement, when reduced to the thickness of a few numbers of layers. This 
is consistent with the findings of the AFM analysis. Thereby it can be deduced that exfoliated Bi2Se3 
nanosheets are in their quantum confinement state with an increased bandgap value ranging from 1.28 
– 2.78 eV for different centrifugation speed. 
 
Figure 5.6 Optical analysis of the sonicated nanoribbons exfoliated at different time 
durations (a) UV-vis absorption spectra of exfoliated samples, (b) different 
bandgap values at different centrifuge speed and (c) PL spectra of the 
samples.  
  
Photoluminescence (PL) measurements of exfoliated Bi2Se3 nanosheets are carried out at room 
temperature with 532 nm laser excitation as presented in Figure 5.6c. For the shortest exfoliation time 
(0.5 h), the PL spectrum consists of a main peak at 694 nm, which is slightly shifted when compared 
to values from previous studies.
18
 It has been reported that crystal defects may create deep trap states 
that provide alternative recombination pathways for excitonic recombination and shallowly trapped 
electron–hole pairs, resulting in the observed PL.18-20  
5.3.3. BSA sensing 
In order to test the functionalities of Bi2Se3 nanosheets for possible application in biosensing, their 
response towards a model protein is investigated. Here we show how the emerging PL of the 
semiconducting Bi2Se3 nanosheets, together with their very high surface-to-volume ratio, results in a 
promising biosensing platform. 
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Herein BSA was used as a model protein. It has been reported that BSA has a very high affinity to 
exfoliated metal chalcogenide compounds and is readily immobilized on the flake surfaces via 
interactions between the surface of flakes and the protein’s functional groups.21-23 In the case of 
semiconducting Bi2Se3, the negatively charged immobilized BSA proteins lend their electrons to the 
nanosheets, resulting in the alteration of electronic properties. 
The PL emissions of the 1.5 hour exfoliated Bi2Se3 (median length: 140 nm and median thickness: 3.3 
nm) were investigated after exposure to different concentrations of BSA. Upon exposure to BSA, the 
emission peak experiences a hypsochromic shift (Figure 5.7a, 5.7c). Additionally, the PL intensity of 
the exfoliated Bi2Se3 nanosheets demonstrates significant quenching when exposed to BSA solution, 
even at concentrations as low as 1.5 nM mL
-1
 (Figure 5.7a). The PL intensity with respect to the used 
BSA concentration is presented in Figure 5.7b which shows that increasing BSA exposure leads to 
incremental PL quenching, with the PL signal being proportionally related to the BSA concentration. 
No shift in the PL spectrum is observed. The quenching of the PL indicates that exposure to BSA 
considerably alters the electronic properties of the material. The sensitivity is remarkably high. The 
peak at 698 nm appears to be highly sensitive showing 65% reduction in the PL intensity after the 
exposure to a BSA concentration as small as 0.1 nM L
-1
. The quenching particularly reveals that a 
significant charge transfer from the BSA to the surface of the Bi2Se3 nanosheets takes place.  
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Figure 5.7 (a) PL emissions of the exfoliated Bi2Se3 nanosheets based biosensor for 
different BSA concentrations (1.5 nM mL
-1
 and 1.5 µM mL
-1
). (b) PL 
intensity with respect to varying BSA concentrations relative to the initial 
(no BSA) state. 
 
5.4. Conclusion 
In conclusion, we demonstrated agitation sonication as a facile liquid phase exfoliation process to 
synthesize Bi2Se3 nanosheets of the bismuth compounds. Of the two possible Bi2Se3 phases, that 
layered compound was obtained rather than the van der Waals string compounds, indicating that the 
high pressure and temperature induced due to ultrasonic cavitation is insufficient to induce a phase 
transition. The morphological, structural and optical properties of the synthesized samples were 
thoroughly investigated with regards to different exfoliation durations, leading to the conclusion that 
the sonication time has a significant influence on the length and elemental composition of the 
exfoliated nanosheets. The lateral diemnsions and thickness of the exfoliated nanosheets are decreased 
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as the exfoliation time are increased. A drastic change in the bandgap value is observed as the 
exfoliation time is increased. After 1.5 h of sonication time the resulted bandgap value was found to 
be 2.89 eV, which is much higher than values reported for its bulk counterpart (0.3 eV). Finally, the 
biosensing capability of the exfoliated Bi2Se3 nanosheets, at very low detection limits, was 
demonstrated using BSA. A significant change in PL intensity is observed, indicating substantial 
modulation in the electronic properties of the material upon exposure to BSA. 
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Chapter 6 
 
 
Conclusions and Future Work 
 
 
6.1. Conclusions 
The principal objectives of this thesis, as stated earlier were to explore the physical, optical and 
chemical properties of metal chalcogenides (MCs) such as MoSx, Bi2S3 and Bi2Se3 via numerous 
synthesis routes as well as to their potential applications in catalysis and optical sensing. The contents 
of this thesis have contributed to the knowledge concerning the exploration of the amorphous 1D-MC 
materials MoSx and its interactions with the environment such as the moisture adsorption capacity, 
catalysis and surface adsorption dependent electronic properties. After that, the optical, electronic, and 
crystalline properties of 1D-MC Bi2S3 and their dependence on the physical dimension and degree of 
exfoliation of the material were investigated thoroughly. Finally, a comprehensive study of the narrow 
bandgap MC Bi2Se3 was carried out, which can crystallize as either layered 2D or 1D polymorph. 
Exfoliation of this material was found to lead to the creation of 2D nanosheets rather than van der 
Waals strings. These sheets were explored for functional application in biosensing. Further 
discussions regarding the outcomes of the investigation of these MCs along with their functional 
applications are given below: 
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6.1.1. Stage 1 
Sulphur rich molybdenum sulphides are an emerging class of inorganic coordination polymers which 
are predominantly utilized for their superior catalytic properties. Here the surface water dependent 
properties of sulphur rich MoSx (x=3⅔) and its interaction with water vapour has been investigated. It 
has been found that MoSx is a highly hygroscopic semiconductor, which can reversibly bind up to 0.9 
H2O molecules per Mo. The presence of surface water is found to have profound influence on the 
semiconductor’s properties, modulating the material’s photoluminescence by over one order of 
magnitude, in transition from dry to moist ambient. Additionally, the conductivity in excess of two 
orders of magnitude for 30% increase in humidity. Moreover, significant change in the electronic and 
optical property is observed as the surrounding environment has been changed (i.e. from dry to moist 
ambient). A significant PL quenching and hypsochromic shift was observed as the prepared material 
is exposed to moist environment. Here, this attributes to the significant charge transfer from the water 
molecule to the material surface.  
As the core application, the newly discovered properties of MoSx has been utilized to develop an 
electrolyteless water splitting photocatalyst that relies entirely on the hygroscopic nature of MoSx as 
the water source, leading to efficient gas phase water splitting. Moreover, as prepared MoSx has been 
used for moisture sensing and dehumidification. Generally, moisture sensors are made of oxides, due 
to the importance of terminal oxygen moieties for moisture sensing.  
6.1.2. Stage 2 
The family of crystals constituting covalently bound strings, held together by van der Waals forces, 
can be exfoliated into smaller entities, similar to crystals made of van der Waals sheets. Depending on 
the anisotropy of such crystals, and the spacing between their strings in each direction, van der Waals 
sheets or ribbons can be obtained after the exfoliation process. Here, ultra-thin nanoribbons of 
bismuth sulfide (Bi2S3) are synthesized via a high power sonication process. The thickness and width 
of these ribbons are governed by the van der Waals spacings around the strings within the parent 
crystal. The lengths of the nanoribbons are initially limited by the dimensions of the starting bulk 
particles. Interestingly, these nanoribbons change stoichiometry, composition and are elongated when 
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the duration of agitation increases, due to Ostwald ripening. A certain elongation of the nanoribbons 
for higher sonication time (>3.5 h) is observed, which confirms that there are significant impacts of 
exfoliation time on exfoliated nanoribbons. A longer nanoribbon up to 12µm is observed as the 
exfoliation time was increased.  
An application of the exfoliated van der Waals strings is presented for optical biosensing using 
photoluminescence of Bi2S3 nanoribbons, reaching detection limits of less than 10 nM L
-1
 in response 
to bovine serum albumin. The concept of exfoliating van der Waals strings could be extended to a 
large class of crystals for creating bodies ranging from sheets to strings, with optoelectronic properties 
different from that of their bulk counterparts. 
6.1.3. Stage 3 
The final part of this thesis contains the exfoliation of the layered narrow bandgap material bismuth 
selenide (Bi2Se3). Bismuth selenide can crystallize either in a 2D layered or van der Waals string 
arrangement. High pressure and temperature, as it is observed during ultrasonic cavitation, could 
potentially lead to the conversion of the 2D crystal into van der Waals strings. Experimental 
investigations revealed however that 2D nanosheets are obtained during the process. These 2D 
nanosheets were found to feature intriguing properties. 
In this work, a facile exfoliation technique was used to exfoliate Bi2Se3 nanostructures. A significant 
impact of exfoliation time on the nanostructure has been observed. The length and the width of the 
nanostructures are decreased as the exfoliation time was increased. Besides, due to quantum 
confinement a certain increase in the bandgap energy is observed. Here, in case of highest exfoliation 
time (1.5h) a bandgap value of 2.89 eV is observed, which is significantly higher than the bulk value 
(0.3 eV). A significant increase in the photoluminescence intensity was also observed as the material 
is exfoliated to nanostructures. Finally, the exfoliated nanostructures were exposed to bovine serum 
albumin for biosensing purpose. In conclusion, this work provides the fundamental understanding of 
the quantum confinement of the narrow bandgap material with exotic properties that may help to 
develop various optoelectronic devices. 
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6.2. Future work 
The research demonstrated in this PhD thesis has presented fundamental as well as unique outcomes 
in the field of metal chalcogenides (MCs) leading to numerous opportunities for further 
investigations. Several new interesting pathways can be identified for future studies based on the 
findings presented in this PhD thesis. 
6.2.1. Prospects of metal chalcogenides (MCs) in electrolyteless HER  
In this work a vapour phase photocatalytic water splitting system, with an acceptable efficiency, for 
the hydrogen evolution reaction system has been reported. The development of this novel 
semiconducting moisture-absorbers leads to a new paradigm in the field of hydrogen evolution 
catalysis, while finding other applications such as resistive moisture sensing and dehumidification.  
While these observations are highly relevant on their own, they also have significant implications to 
the field of hydrogen evolution catalysis, which is one of the most prominent applications of 
amorphous molybdenum sulphides. The observed affinity of the bridging and shared disulphide 
ligands towards water molecules implicates their significance to the overall water splitting process. 
Furthermore, the observed dependence of the electronic and optical properties on the amount of 
surface adsorbed water molecules should be considered when characterising this material in the 
future. It was observed that increasing the bandgap of MoSx facilitates the hydrogen evolution 
reaction to a certain extent. In this thesis, TiO2 has been used as a wide bandgap light absorber to 
compliment the narrow bandgap of MoSx, which is otherwise not capable to facilitate full water 
splitting. TiO2 harvests light in the UV region of the light spectrum, restricting the overall efficiency. 
Therefore, replacing TiO2 with a narrow bandgap light harvester that is still complementary to MoSx 
could lead to substantial improvements. Finding an appropriate oxygen evolution catalyst with good 
light harvesting properties will be essential. Prominent materials such as iron oxide or gallium 
phosphide can be used to improve the overall oxygen production rate and warrant further analysis. 
Furthermore, widening the bandgap of MoSx through the partial replacement (alloying) of Mo atoms 
with other transition metals, or the investigation of other one dimensional amorphous transition metal 
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chalcogenides could render the addition of light harvesting particles entirely redundant. Research 
along this avenue is particularly promising and may lead to substantial performance improvements.  
Replacing polyallylamine hydrochloride (PAAHCl) as templating agent might assist to induce even 
more pronounced 1D nature of MoSx. This aspect, as well as studying the templating process in 
general, warrants in-depth investigation.  
Investigating the developed materials in water splitting prototypes that do not require direct light 
harvesting is also promising. Here, using an external power source as it is used in traditional 
electrolysers, but utilizing the developed MoSx to produce a gas phase, electrolyteless electrolyser 
may ultimately be more useful for real world application.  
6.2.2. Prospects of metal chalcogenides (MCs) in crystalline 1D structure 
The family of crystals constituting covalently bound strings, held together by van der Waals forces, 
can be exfoliated into smaller entities has been studied. Here, those materials are also akin to crystals 
made of van der Waals sheets, while ultra-thin nanoribbons of bismuth sulfide (Bi2S3) can be 
synthesized via a high power sonication process. Additionally, the 1D structure of the exfoliated Bi2S3 
needs more investigation in term of their structural and electronic properties. Interestingly, these 
nanoribbons change stoichiometry, composition and are elongated when the duration of agitation 
increases, due to Ostwald ripening. It would be interesting to further study the nature of the Ostwald 
ripening in the synthesis and nanostructure formation and explore pathways to exploit this 
phenomenon for synthesis of ultralong nanowires. Using different solvents will likely lead to an 
alteration of the observed Ostwald ripening process which needs further analysis.    
As a core application the synthesised material was used for BSA sensing. Here, it would also be 
beneficial to exploit the other similar structured material such as Sb2S3, Sb2Se3 for bio sensing 
purpose for future optoelectronic applications, and to explore more targeted and elaborate biosensing 
applications. 
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6.2.3. Prospects of metal chalcogenides (MCs) in 2D nanosheets 
An agitation exfoliation method was used to exfoliate 2D Bi2Se3 nanostructures. By applying energy 
and chemical manipulations, these materials can be exfoliated into nanostructures which are useful for 
various electronic applications such as sensors and transistors The hypothesized possibility to induce a 
phase transition into the 1D structure was not realized and as such exfoliation experiments using the 
metastable 1D Bi2Se3 as a precursor material should be explored. Nevertheless, the exfoliated 2D 
nanosheets featured interesting properties and hold promise for sensing applications. Here, having 
good control over the size of the exfoliated nanostructures is extremely important and this aspect 
requires further investigation and optimization. An opening of the electronic bandgap was observed. 
Having control and demonstrating the tuning of the bandgap might help for future electronic 
applications that need more investigation. 
At this period, the yield of the exfoliated nanostructures was relatively low. In order to increase the 
yield of exfoliation, further optimisation of the exfoliation process is essential. If high yields of 
conversion from bulk material to nanostructure can be achieved, larger scale application in sensing 
and catalysis can be explored. 
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